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We use a new approach to study the mm, KK I=J=O interaction from information on the central
production and elastic processes with energies from the mm threshold to 1.7 GeV. Our amplitude
analysis separates the pole term for fo(975) from the background term, meanwhile enforcing unitarity.
A second-sheet pole (988—23i MeV) and a third-sheet pole (797—185i MeV) are found for fo(975). We
conclude that if the fo(975) is a Breit-Wigner resonance, it has a large decay width corresponding to its
third-sheet pole, but shows up as a narrow structure in m~ and K K invariant mass spectra due to its
second-sheet pole. An alternative K-matrix analysis is also briefly reported, which gives a similar con-
clusion.

PACS number(s): 14.40.Cs, 11.80.Gw, 13.75.Lb

I. INTRODUCTION

After twenty years of controversial arguments, the na-
ture offo(975) is still not settled [1]. It has been ascribed
as a conventional qq meson [2], a "unitarized remnant" of
a qq state [3], a KK molecule [4], a multiquark state [5], a
glueball [6], and/or a hybrid [7]. Many arguments favor-
ing or disfavoring these assignments are related to the
width or pole position(s) of the fo(975) [8—10].

In the Particle Data Group (PDG) tables [11] the
width is given as 47+9 MeV. But this value is rather
misleading. Six analyses [12—17] were used by the PDG
to determine both the mass and the width of fo(975). All
of them assumed coupled channel Breit-Wigner formulas
[18] for fo(975). For a two-channel Breit-Wigner (BW)
resonance amplitude there is always a main (BW) pole on
the third sheet of the complex energy plane and a shadow
pole [BW(1)] on the second or fourth sheet (cf. [9,19] for
sheet structure and definition). For most resonances the
real and imaginary parts of the main (third-sheet) BW
pole are taken as their mass and the half width. But for
fo(975) the second-sheet BW(1) shadow pole was used for
determining its mass and width [11—17].

It is true that the second-sheet pole is the nearest one
to the physical region and determines the width of nar-
row structures in the m~ or KK invariant mass spectra.
However, this width is not the real decay width determin-
ing the lifetime of the resonance. The reason is simple. If
we assume the coupling of the fo to the KK channel is
negligible, then the BW pole and BW(1) pole give the
same width which is in fact the ~m decay width. When
the coupling of the fo to the KK channel increases, the
width given by the BW(1) pole decreases while the width
given by the BW pole increases. Therefore the third-
sheet main BW pole rejects the real decay width of the
resonance and we should use this main BW pole as the
mass and half width of the resonance.

Although the second-sheet pole for fo(975) is well
determined by various analyses to be about the value in
the PDG tables [11],the corresponding main BW pole is
very model dependent. The analyses [12—17] only

presented the second-sheet pole in their papers. Among
these analyses some were limited to a data sample from a
single experiment with very narrow energy range; the
others did not consider the unitarity constraint. The
third-sheet pole cannot be reliably determined in these
analyses.

The most extensive analysis to date of all high statistics
data with ~m and KK final states is by the AMP Colla-
boration [8] with a K-matrix formalism satisfying unitari-
ty. An unexpected outcome of this analysis is the con-
clusion that the fo(975) most likely comprises two
resonances —a fairly narrow object coupling to m~ and
KK and a very narrow KK bound state coupling weakly
to the mm. channel; all this is superposed on a background
furnished by a very broad fo(e(1000)). Recently Morgan
and Pennington (MP) [9] have performed a new analysis
with a new data sample, concluding that fo(975) is most
probably not a KK molecule, nor an amalgam of two res-
onances, but a conventional Breit-Wigner-like structure
with a very narrow width for both the second-sheet and
third-sheet poles. But in their formalism, it is difficult to
isolate a pole contribution from a slowly varying back-
ground, and their background terms are not general
enough.

The aim of this paper is to find a general representation
of the amplitude which allows the simple separation into
a pole term for fo(975) and a background term, but
meanwhile still satisfies unitarity. By using such a for-
malism we make a combined analysis of ~~ scattering
phase shifts and the central dipion production in high en-
ergy pp collisions for the energies from ~~ threshold to
1.7 GeV.

We present our formalism in Sec. II and results and
discussion in Sec. III.

II. FORMALISM

The starting point of our formalism is similar to the
Dalitz-Tuan representation [19,20]. The Lorentz-
invariant amplitudes for elastic scattering of the two cou-
pled channels (1 for m~ and 2 for KK) can be expressed
as [19]
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they should be smoothly varying functions alon the
right-hand cut. Since the production amplitudes; do
not necessarily satisfy the Adler zero condition, the Adler
zero should be removed by o', From these considera-
tions we parametrize the a,.(s) as

p;0 p, ,a;(s)= + +y,o+y, ,s .
s —m /2 s+s;i

Here the background term is assumed to be coupled only
to the ~~ channel. This is roughly true for energies
below 1.7 GeV. The fo(975) is assumed as a Breit-
Wigner resonance with three free parameters g„g2,
and M„. Also phase space factors p, = ( 1 —4m /s ) '~,
pz=(1 —4m'. /s)', and s is the invariant mass squared
of the system.

For the background term in ~~ elastic scattering, a
general form satisfying the unitarity relation is [19]

e"&—1

2lP1

1

A (s) —ip,
(4)

where A (s) is an arbitrary function real on the real ener-

gy axis outside dynamic (left-hand) cuts. To be general
enough we assume

A(s)= ga„s" gb„s" with n =0, 1,2, . . . . (5)

From chiral perturbation calculations [21,22], the lowest
order for f'b near m~ threshold is proportional to
(s —m /2) (related to the so-called Adler zero condi-
tion); therefore, we have bolb, = —m /2. In practice
the terms with n ~3 in Eq. (5) are negligible. The final
form for A (s) in our analysis is taken as

1+a1$+a2$
A (s)=

b, (s —m /2)+bzs

which gives

1+a,s+a2s +ip, [b, (s —m /2)+b2s ]

1+a,s+a2s ip, [b,—(s —m„/2)+b~s ]

(6)

(7)

Fi =ai(s)Tii+az(s)Tqi,

P2=ai($)f']2+a2($)T22 .

(9)

(10)

The functions a, (s) describe the coupling of the initial
state to channel I'. and should be real along the right-hand
cut. Because the functions a;(s) have only left-hand cuts,

Therefore for m.vr-EX coupled channel elastic scattering,
we use the formulas of Eqs. (1)—(3) and (7), with seven free
parameters. The relation between T11 and the m.m S-wave
phase shift parameters (5o and 710) is

2i6o
vfoe 1

2lP1

For the central production process pp~pp(arm) or
pp(KK), which may be interpreted as a double Pomeron
reaction PP~mm(KK), the invariant .a.mplitudes for mn
and KK production can be expressed as (cf. Refs. [8,9])

Here p;, y;. , are limited to be real constant parameters
and s, o are positive constant parameters. In addition to
the first term which is introduced to remove the Adler
zero, we include another left-hand pole term. This is a
major difFerence in our treatment of a;(s) compared with
Refs. [8,9] in which polynomials in s were used without a
left-hand pole term. In principle we can include more
left-hand pole terms and higher order polynomials, but
we found that with four terms in Eq. (11) we can already
reproduce the experimental data well.

With the above invariant amplitudes, we can calculate
the experimental observables in m~-EE elastic scattering
and central production processes just as in Refs. [8,9].

III. NUMERICAL RESULTS AND DISCUSSION

For the m.m.-EK I =J=O interaction, the most sys-
tematic and extensive information comes from m~-EX
elastic scattering phase shifts (50 and go) determined by
numerous analyses of dipion production experiments.
For the present fit, in addition to the classic energy-
independent analysis by the CERN-Munich group of
their high-statistics experiment on m p ~m m. n at 17
GeV/c [23] for mn. energies ab. ove 0.6 GeV, we extend the
data set close to the ~~ threshold by adding four data
points for 0.32—0.6 GeV by the same CERN-Munich
group [24] and five data points from K,4 decay near
threshold [25].

Other systematic and extensive information is provided
by the AFS Collaboration [26] on central dimeson pro-
duction pp ~ppvrm(KK ).

By using the formalism in Sec. II with 17 free parame-
ters, we made a simultaneous fit to the m.~-EK phase
shifts (50 and go) and invariant mass spectra of m~ and
EX from the AFS central production experiment. Our
best fit is shown in Figs. 1—4. As a comparison we also
show the result by AMP [8] with 24 free parameters. The
quality of the two fits is comparable. The difference of
our data selection with that of Ref. [8] is that we extend
the data on 50 to lower energies but drop the data on
cross sections for m~~EE since different experimental
groups give inconsistent results for this process (cf. [9]).

The parameters (the unit for energy is GeV) for the
best fit are

M~ =0.9535 g1 =0.1108, g2 =0.4229,

a1 = —0.3835, a = —0.4237, b1 =3.696,

b~ = —1.462, s„=2.788, P,O=1.237,

P„=—15.16, y,0=2.515, y „=52.03,
s2i =0.3464, p2O=6. 597, p2i=42. 27,

2O= 12.54 &21
= 47.99
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FIG. 1. The I=0 S-wave phase shift 50 for mm scattering
[23—25]. The solid and dashed curves are our present solution
and the AMP solution, respectively. The dot-dashed curve is
the background contribution in our solution.

FIG. 3. The mass spectrum of centrally produced S-wave mm

events in pp~ppvrvr from the AFS Collaboration [26]. The
solid and dashed curves are our present solution and the AMP
solution, respectively.

The contribution of the background term to the mm

phase shift 6o is shown by the dot-dashed curve in Fig. 1.
There are two poles for this m.m elastic scattering back-
ground:

M, =0.408 —0.342i (GeV)

and

M2=1. 515—0.214i (GeV) .

The M& pole may come from the mm long range interac-
tion while the M2 pole may be an effective one coming
from two resonances, such as fo(1400) and fo(1590).

The Breit-Wigner term for fo(975) is responsible for
the sharp increase of 5O around 980 MeV. The corre-
sponding second-sheet and third-sheet poles for fo(975)
are

MP) =0.988—0.023i (GeV),

Mo" =0.797—0. 185i (GeV) .

Our second-sheet pole is quite similar to other analyses
[12—17]. We compare our Breit-Wigner term squared
with that obtained from [12—16] in Fig. 5. Our result is
sitting in the middle of the others. The analyses of
[12—17] are on different m.~ or ILK production processes.
We believe that with a suitable background term together
with our Breit-Wigner term for fo(975) it should be pos-
sible to reproduce the mw or KK invariant mass spectra in
these processes.

Our pole topology for fo(975) is quite different from
that of the AMP Collaboration [8] with a K-matrix for-
malism fitting similar data as in our present analysis.
One possible reason may be the different treatment of the
background term and a;(s). They used only polynomials.
We include left-hand pole terms in addition, but with
fewer free parameters.

We also tried a fit with a K-matrix formalism in which
the Lorentz-invariant T matrix for a m~-ICE elastic
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FICx. 2. The ~m I=O S-wave inelasticity [23]. The solid and
dashed curves are our present solution and the AMP solution,
respectively.
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FIG-. 4. The mass spectrum of centrally produced S-wave KK
events in pp~ppKII. from the AFS Collaboration [26]. The
solid and dashed curves are our present solution and the AMP
solution, respectively.
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scattering is expressed as
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(12)

1+11+p2+22 )

E12

K22 —i P,D

The real E matrix is assumed as

0.8

0.6

a12 b,2
K11 + +711 ~

S Sb S
(13a)
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a2 b22 2

K22 2 722
Mg S Sb S

a, a2 b, b2
~12 ~21 2

+ +Xi2
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With this E-matrix formalism we can also get a very
similar good fit to the same data sample. The parameters
for the best fit are
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FIG. 5. The Breit-Wigner amplitude squared for fo(975).
The solid curve is our present solution. The dashed and dot-
dashed curves are solutions of Refs. [12—16] used by the PDG
[11].

Mz = 1.1989, sb = —0.6945 &12= 1.5517,

a 1
= 0.9230 61 =2 ~ 6577 j 11=2.8249

a2 =0.3469, b2 = 1.6448, y22= —0.0626 .

We find that with a left-hand pole term (sb term) in the K
matrix, as part of the background, many fewer free pa-
rameters are needed to reproduce the ~~ phase shifts as
compared with using polynomials only.

For this fit, we find two coupled channel resonances
with their second-sheet and third-sheet poles as

M, =0.989—Q. Q25i, Mb =1.554—0.213i,

M, =0.914—0.219i, Mb = 1.515—0.217i .

In the K-matrix formalism the background is now as-
sumed to couple to both m~ and EK channels. The Mb
pole in the K-matrix formalism is about the same as the
M2 pole in our BW-like formalism. The second-sheet
pole for fo(975) is also nearly the same in the two formal-
isms. Both formalisms give a large width third-sheet pole
(-400 MeV) for fo(975). We see that the mass of the

third-sheet pole for fo(975) depends on how one treats
the low energy background. We have investigated fur-
ther K-matrix forms which gives fits to the data of similar
quality and similar nearby poles.

From our analysis we conclude that the fo(975) is most
likely a resonance with a large decay width ( -400 MeV)
and a narrow peak width (-47 MeV). This result sup-
ports the prediction of Tornqvist s unitarized quark mod-
el [3] which interprets the fo(975) as a qq resonance with
a large admixture of KK virtual state and predicts a de-
cay width of 400 MeV and a peak width of 50 MeV. A
recent hadronic loop calculation by Geiger and Isgur [27]
also predicts that the lower mass 0++

qq meson has mass
500—1000 MeV and width 200—500 MeV due to its cou-
pling to meson-meson virtual states. They think it may
correspond to the AMP's fo(e(1000)), but we think it is
most probably the fo(975).
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