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h8˜hpp decay as a probe of a possible lowest-lying scalar nonet

Amir H. Fariborz* and Joseph Schechter†

Department of Physics, Syracuse University, Syracuse, New York 13244-1130
~Received 4 February 1999; published 18 June 1999!

We study theh8→hpp decay within an effective chiral Lagrangian approach in which the lowest lying
scalar meson candidatess(560) andk(900) together with thef 0(980) anda0(980) are combined into a
possible nonet. We show that there exists a unique choice of the free parameters of this model which, in
addition to fitting thepp andpK scattering amplitudes, well describes the experimental measurements for the
partial decay width ofh8→hpp and the energy dependence of this decay. As a by-product, we estimate the
a0(980) width to be 70 MeV, in agreement with a new experimental analysis.@S0556-2821~99!04613-5#

PACS number~s!: 13.75.Lb, 11.15.Pg, 11.80.Et, 12.39.Fe
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I. INTRODUCTION

Understanding the status, in general, and the quark c
tent, in particular, of the lowest lying scalar mesons is
issue of great current interest. In the cases of thes and thek
mesons, even their existence has been the subject of m
different investigations. One may consult Refs.@1–16# for a
variety of different recent works.

In the approach upon which this paper is based, a need
a s with a mass around 560 MeV was found in the analy
of pp scattering@17,18# and a need for ak with a mass
around 900 MeV was required in order to describe the
perimental data on thepK scattering amplitude@19#. These
investigations were carried out in an effective Lagrang
framework motivated by the 1/Nc approximation to QCD. In
this approach, one incorporates the contribution of tree Fe
man diagrams, computed from a chiral Lagrangian, includ
all possible intermediate states within the energy region
interest. Furthermore, crossing symmetry is automatic, w
the unknown parameters characterizing the scalars are
justed to satisfy approximately the unitarity bounds. Amp
tudes satisfying approximately both crossing and unita
are then obtained. For the case ofpK scattering in theI
5 1

2 channel the analysis of Ref.@19# may be seen to be
consistent with the experimental work of Ref.@20#. The ex-
perimental analysis characterizes the data by an effec
range approximation below 1 GeV; in the treatment of@19# it
is resolved into the sum of a ‘‘current-algebra’’ piece, vec
meson exchange pieces and scalar meson exchange p
In particular, the presence of ak-meson is needed to ensu
unitarity.

Motivated by the evidence for as and ak, and taking
into account other experimentally well-established scalars
the f 0(980) and thea0(980) — a possible classification o
these scalars~all below 1 GeV! into a nonet,

N5F N1
1 a0

1 k1

a0
2 N2

2 k0

k2 k̄0 N3
3
G , ~1.1!
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was studied in@21#. Since the properties of this scalar non
are expected to be less standard than those of a convent
nonet~like the vectors!, the mass piece of the effective La
grangian is allowed to contain extra terms:

Lmass52a Tr~NN!2b Tr~NNM!

2c Tr~N!Tr~N!2d Tr~N!Tr~NM!, ~1.2!

whereM is the usual quark mass spurion. Retaining just
a andb terms yields ‘‘ideal mixing’’@22#. The physical par-
ticless and f 0 which diagonalize the mass matrix are relat
to the basis statesN3

3 and (N1
11N2

2)/A2 by

S s

f 0
D 5S cosus 2sinus

sinus cosus
D S N3

3

N1
11N2

2

A2
D , ~1.3!

where us is the scalar mixing angle. The coefficien
a, b, c, andd are determined in terms ofms , mf 0 , ma0
andmk , and for a given input set of these masses there
two scalar mixing angles. Typical values of the input mas
(ms5550 MeV, mf 05980 MeV, ma05983.5 MeV and
mk5897 MeV) yield the two possibilities:

~a! us'221°,

~b! us'289°. ~1.4!

In order to determine which of these two possibilities is t
correct one, it is necessary to study the pattern of sca
pseudoscalar-pseudoscalar interactions, which are corre
with each other by the proposed nonet structure. In this p
ture, the general form of the SU~3! flavor invariant scalar-
pseudoscalar-pseudoscalar interaction is

LNff5Aeabcede fNa
d]mfb

e]mfc
f

1B Tr~N!Tr~]mf]mf!

1C Tr~N]mf!Tr~]mf!

1D Tr~N!Tr~]mf!Tr~]mf!, ~1.5!
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AMIR H. FARIBORZ AND JOSEPH SCHECHTER PHYSICAL REVIEW D60 034002
wherefa
b(x) is the matrix of the pseudoscalar nonet field

andA,B,C,D are real parameters. Derivative coupling to t
two pseudoscalars is used to ensure that Eq.~1.5! represents
the leading term of a chiral invariant expression~see Appen-
dix B of @21#!. It is easy to see that all the coupling consta
relevant for the study ofpp andpK scattering depend only
on the parametersA andB. The analysis of@21# then shows
that possibility~a! in Eq. ~1.4! for the scalar mixing angle is
selected as the correct one in the present scheme. The pa
etersC andD were left undetermined in the analysis of@21#,
as no scalar-pseudoscalar-pseudoscalar coupling invol
an h or h8 was present in thepp and pK scattering dis-
cussed there.

In this work we explore the parameter space ofC andD in
detail by studying theh8→hpp decay, for which there are
relatively recent and precise experimental measurements
we will see, the scalar couplings toh andh8 play a domi-
nant role in the amplitude for this decay.

All the discussion in the present paper will use the sa
methods and parameters as in the previouspp andpK scat-
tering papers@18,19#. Thus, this work can be thought of as
check of that method as well as a test of the basic assump
that the low lying scalars are related to each other by belo
ing to a ~broken! flavor SU~3! nonet. In the sense that th
effective Lagrangian method makes no explicit reference
the quark structure of these scalars, the present work ma
considered model independent. Note also that only the SU~3!
flavor structure of the scalars is required to construct n
linear chiral Lagrangians describing their interactions@23#.

‘‘Microscopic’’ models of low lying scalars have bee
suggested in which they are variouslyqqq̄q̄ states in the
MIT bag @24#, meson-meson molecules@25# or unitarity cor-
rections due to strong meson meson interactions@1,9,13#. All
these models involve four quarks and so may be relate
each other. A ‘‘model-independent’’ effective Lagrangia
might be an appropriate vehicle for summarizing the co
mon feature of different microscopic models.

The processh8→hpp has been studied by many autho
in chiral symmetric frameworks since the early days of ‘‘cu
rent algebra.’’ Treatments have used exclusively con
terms@26–29# or contact terms plus scalar meson exchan
@30–33#. Ordinarily in the chiral perturbation theory ap
proach@34# all effects of resonance exchanges are assu
to be ‘‘integrated out’’ and summarized in the complete
of contact terms. However, in the case of theh8(958) decay,
the masses of the intermediates, f 0 anda0 resonances are
either less than or comparable to 958 MeV. Thus, kinem
cal dependences due to the propagators could be impor
The new features of the present treatment include the us
Eq. ~1.2! to describe the scalar mesons and mixing angle,
use of Eq.~1.5! to describe the scalar coupling constants a
a procedure uniform with the discussion ofpp andpK scat-
tering in @17–19#. Furthermore, comparison is being ma
with more recent data.

This paper is organized as follows. Section II gives o
theoretical prediction of theh8→hpp process as well as th
experimental parametrization. The fit to experiment, tak
into account the experimental uncertainties, is treated in
tail in Sec. III.
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Finally, Sec. IV contains a brief summary and discussi

II. h8˜hpp DECAY

Here, we will predict the amplitude for this process in t
present model and display the experimental data to whic
will be compared.

We assume exact iso-spin invariance which seems con
tent with the present experimental accuracy. The four m
menta of the particles are labeled according to the sch
h8(p)→h(k)1p1(q1)1p2(q2), wherein (p1 ,p2) can
stand for either (p1,p2) or (p0,p0). The partial widths are
related to the invariant matrix elementM (p→k1q11q2) by

G~h8→hp1p2!52G~h8→hp0p0!5
1

2mh8
E uM u2dF,

~2.1!

where the phase space volume elementdF is

dF5~2p!4d4~p2k2q12q2!

3
dk

2v~2p!3

dq1

2v1~2p!3

dq2

2v2~2p!3 , ~2.2!

with v5Amh
21k2 andv i5Amp

2 1qi
2. After performing the

usual phase space integration we have

Gh8→hpp5
1

64p3mh8
E dv1dv2uM u2. ~2.3!

The boundary of integration in thev1v2 plane for our choice
of mp5137 MeV, mh5547 MeV andmh85958 MeV @35#
is shown in Fig. 1.

In the treatment ofpp @17,18# and pK @19# scattering
according to the present approach it was found that a rea
able approximation up to the 1 GeV energy range consis
of including~i! the ‘‘current algebra’’ contact term~ii ! vector

FIG. 1. The boundary of integration in Eq.~2.3!.
2-2
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h8→hpp DECAY AS A PROBE OF A POSSIBLE . . . PHYSICAL REVIEW D 60 034002
meson tree diagrams and~iii ! light scalar@ f 0(980),s,k# me-
son tree diagrams. These were all calculated from a ch
Lagrangian with the minimum number of derivatives. F
h8→hpp there is a big simplification since G-parity con
servation shows that no vector meson exchanges are pos
at tree level. Similarly, the derivative part of the contact te
vanishes.

The individual contributions shown in Fig. 2 are then

MC.A.5
mp

2

Fp
2 sin 2up ,

Ms52A2gshh8gspp

~p•k!~q1•q2!

ms
21~p2k!22 imsGs8

,

M f 0
52A2g f hh8g f pp

~p•k!~q1•q2!

mf 0

2 1~p2k!22 imf 0Gf 08
,

FIG. 2. Tree Feynman diagrams representing the contribut
of ~a! the current algebra,~b! the s and thef 0(980), and~c! the
a0(980) terms to the decayh8→hpp in our model.
03400
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Ma0
52gaph8gaphF ~p•q2!~k•q1!

ma0

2 1~p2q2!22 ima0Ga08

1
~p•q1!~k•q2!

ma0

2 1~p2q1!22 ima0Ga08
G . ~2.4!

The total decay amplitudeM is the sum of these pieces
The current algebra contributionMC.A. is obtained from the
‘‘quark mass’’ term in the effective Lagrangian~proportional
to Tr@(U1U†)M#, whereU5exp@2if/Fp#). Definitions of
the various scalar-pseudoscalar-pseudoscalar coupling
stants which appear in thes, f 0(980) anda0(980) exchange
diagrams are given in the Appendix. These involve the co
ficients A,B,C,D of Eq. ~1.2!; A and B were previously
found frompp andpK scattering whileC andD remain to
be determined here. The scalar masses are taken as
tioned before Eq.~1.4!. Even though there is no kinematica
possibility for any of the intermediate scalars to be on
‘‘mass shell’’ we include ‘‘total width’’ terms in the propa
gator denominators in order to agree with the previous w
@17–19#. The f 0 and a0 exchange terms will be essential
taken to be of Breit-Wigner form soGf 08 andGa08 are related
to the coupling constants. We takeGf 08 564.6 MeV from
@18# ~@35# allows 40–100 MeV! and Ga08 5502100 MeV
@35#. The exact value ofGa08 will be found from our analysis
since it depends on the parameterC. Finally we takeGs8
5370 MeV @18#; this is related to a pole position rather tha
a total Breit-Wigner width, a prescription which enables t
construction of app amplitude satisfying both the unitarit
bounds and crossing symmetry.

The theoretical expressions in Eqs.~2.1!–~2.4! will be
compared with the experimental data on partial decay ra
and energy dependence ofuM2u. The experimental results fo
the rates are listed@35# as

Gh8→hp1p2
exp

50.08960.010 MeV

2Gh8→hp0p0
exp

50.08460.012 MeV ~2.5!

in agreement with iso-spin invariance. Since we are work
in the iso-spin invariant limit we will average1 these to ob-
tain

Gh8→hpp
exp

50.087260.008 MeV, ~2.6!

with which the theoretical results will be compared.
For describing the energy dependence, experimenta

use the Dalitz-like variables@36#:

x5
A3

Q
~v12v2!

1For the average valuex̄1d x̄ of measurementsxi1dxi , we use

x̄5( ixiwi /( iwi ;d x̄5(( iwi)
21/2 with the weightwi51/(dxi)

2.

s
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AMIR H. FARIBORZ AND JOSEPH SCHECHTER PHYSICAL REVIEW D60 034002
y52
21mh /mp

Q
~v11v2!211

21mh /mp

Q
~mh82mh!

~2.7!

with Q5mh82mh22mp . As v1 and v2 vary over the
physical region in Fig. 1,x ranges from about21.4 to 1.4
and y ranges from21 to about 1.2. One may expand th
matrix element, up to an irrelevant overall phase, as

M5A 1/2@11b1y1b2y21g2x2#1••• ~2.8!

whereA is real while b1 , b2 and g2 are complex. The
expansion begins withx2 sinceM @see for example Eq.~2.4!#
must be invariant on the interchangeq1↔q2, which implies
x↔2x. It is found @36# that this form yields2 an M2 which
fits the experimental data when theyx2,y3,x4 andy2x2 terms
are negligible:

uM u25A@ u11ayu21 c̃x2#1•••. ~2.9!

Here a is complex and c̃ is real. For the decayh8
→hp0p0, the experimental values are@36#

Rea520.05860.013

2Actually, the usual parametrization~2.9! has a disadvantage sinc
it restricts the sign of they2 term to be positive. Hence a les
restrictive form foruM u2 with the same number of real parameters

uMu2/A511ay1by21cx21 . . . ,

with ~a,b,c! all real and would seem to be a desirable choice.

FIG. 3. Regions consistent with the partial decay width ofh8
→hpp anda0(980)→ph. The semi-closed region on the right
obtained by inclusion of the decay widths in the propagators of
intermediate scalars.Gs85370 MeV, Gf 08 564.4 MeV and Ga08
5100 MeV. The other regions correspond to neglecting the de
widths.
03400
Im a50.0060.13

c̃50.0060.03, ~2.10!

and for the decayh8→hp1p2

Rea520.0860.03. ~2.11!

As explained before, we compare our results with the av
age of the experimental data for charged and neutral pio
This means we should match our results to

Rea520.06260.012

Im a50.0060.13

c̃50.0060.03. ~2.12!

The parameterA in Eq. ~2.9! is determined using Eq.~2.6!.
Altogether, the experimental data are fit with the four re

quantitiesA, Rea, Im a and c̃. On the other hand the
theoretical expression in Eq.~2.4! is completely fixed if we
specify just the two real constantsC andD in Eq. ~1.2!, since
everything else is already specified. Clearly there is noa
priori guarantee that we can fit the data using the pres
model. Furthermore, it is necessary for the expansion of
~2.4! to also yield negligible higher order terms in Eq.~2.9!.
We will see in the next section that there in fact exists
unique choice ofC and D which can fit the experimenta
data.

e

y

FIG. 4. ExtractingC and D from two different experimental
measurements onh8 decay. Circles represent the region consist
with the partial decay width ofh8, and the solid line represents th
least squared fits of the normalized magnitude squared of the d

matrix element to the form (11ay)21 c̃x2 with a520.0615.
2-4
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III. FIT TO EXPERIMENT

Our job is to find the parametersC and D so thatuM u2
computed from Eq.~2.4! agrees with the experimental form
given in Eqs.~2.9!, ~2.6! and ~2.12! up to the stated uncer
tainties.

As a preliminary we note that restrictions on the allow
values ofC may be obtained from experimental informatio
on a0(980)→ph decay. This partial width is given by

G~a0→ph!5
gaph

2 q

32pma0
2 ~ma0

2 2mp
2 2mh

2 !2 ~3.1!

whereq is the center of mass momentum of the final st
mesons. Now Eq.~A10! of the Appendix shows thatgaph
depends on the known values ofA and up as well as the
unknown value ofC. The Review of Particle Properties@35#
lists the totala0 width as 50–100 MeV and theph mode as
‘‘dominant.’’ It was estimated in the present model~Sec. IV
of @21#! thatG(a0→KK̄) is only about 5 MeV so we expec

FIG. 5. The effect of including the widths in the propagators
dominated byGs8 . In the two parallel regions in the middle,Gs8 is
removed from its propagator.

TABLE I. Extracted parameters from a fit of the normalize
magnitude of theh8 decay matrix element to the form (11ay)2

1 c̃x2, with Rea520.0615. In the first and second columnsmk

5897 MeV while in the last columnmk5875 MeV. The imaginary
terms in the propagator denominators were not included for colu
1. S is the least square deviation with 1701 data points measu
the goodness of fit.

A(GeV21) 2.51 2.51 2.87
B(GeV21) 21.95 21.95 22.34
C(GeV21) 7.2960.08 7.1660.13 7.2560.10
D(GeV21) 21.7060.08 22.2660.13 22.0960.10
Im a 0 20.1260.27 20.1660.20

c̃ 20.00460.031 20.01460.033 20.01360.033

S 1.49 0.0032 0.0045
03400
e

Ga08 'G(a0→ph)15 MeV. We conservatively expec
G(a0→ph) to lie in the range 25–100 MeV. This restrictsC
to the two intervals @221,213# GeV21 and
@2,10.5# GeV21.

For initial orientation we shall neglect the imagina
terms in the denominators of Eq.~2.4!. We start by
numerically3 scanning the above two intervals ofC and
searching for the acceptable regions in theCD plane that are

3In our computation we chooseus5220.33°.

FIG. 6. The available region consistent with the partial dec
width of h8→hpp is not sensitive toGa08 in the physical region of
C'7. The outer/inner regions are obtained withGa08
5100/50 MeV.

FIG. 7. ExtractingC and D from two different experimental
measurements onh8 decay. Circles represent the region which
consistent with the partial decay width ofh8, and lines represent the
least squared fits of the normalized magnitude of decay matrix

ement to the form u11ayu21 c̃x2 with Rea520.0615, Gs8
5370 MeV andGf 08 564.6 MeV.
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AMIR H. FARIBORZ AND JOSEPH SCHECHTER PHYSICAL REVIEW D60 034002
consistent with the averaged experimental partial de
width ~2.6!. The result of this search is shown in Fig.
which also shows the analogous intervals when the im
nary terms in Eq.~2.4! are retained. ForC in the interval
@213,221# GeV21 there is a small acceptable regio
whereas forC in @2,10.5# GeV21 there are two acceptabl
regions in the form of strips along theC axis. In both inter-
vals the thickness of these regions is related to the erro
the averaged experimental partial decay width in Eq.~2.6!,
and therefore, is the main source of our error estimation
the final evaluation ofC and D. It turns out that it is a
reasonable approximation to neglect the additional un
tainty associated with the stated error in Rea. In order to
further restrict the acceptable values ofC andD, we compare
our predicted energy dependence,uM (x,y)u2/uM (0,0)u2,
with the experimental result~2.9! and ~2.12! taking Im a

[0 for now andc̃ as a fitting parameter. We find that on
the region aroundC57 with negativeD has the required
property and therefore we are left with the lower strip in F
3. In Fig. 4 this region is enlarged; also shown is the l
representing a set of ‘‘least squared’’ minima on whicha is
fixed. For a givenC, the corresponding minimum is obtaine
by varying D and c̃. The intersection of this line with the
previous region yields the desiredC and D estimates. Note
that the fit improves in the direction of increasingC. The
values ofC andD are displayed in the first column of Tab
I.

Now let us include the imaginary terms in the denomin
tors of Eq. ~2.4!. In our computation we chooseGs8
5370 MeV andGf 08 564.6 MeV as were obtained in@18#,
and the two extreme possibilitiesGa08 550,100 MeV. We
rescan theCD plane for regions that are consistent with t
partial decay width~2.6!. The result is shown in Fig. 3 and i
also compared with the previous case where no widths w
included. This figure shows that in the new case, there is
available region forC in the interval @221,213# GeV21.
For C in the interval@2,10.5# GeV21, we have shown in Fig
5 that the main effect of the inclusion of the decay widths
driven by thes width. In Fig. 6, we have shown that th
uncertainty inGa08 does not make a substantial difference,
particular in the physical region whereC'7.

We proceed as before, further restricting the available
gions in theCD plane by fitting the normalized magnitude
the decay matrix elementM to the form~2.9! with complex
a. We set Rea520.0615 and fit for Ima and c̃ in this
region. We find that the acceptable region in this case is v
close to the previous region in Fig. 4. The result is shown
Fig. 7. The two lines correspond to two values ofGa08 , and
their intersections with the acceptable region forh8 partial
decay width provide our best points in this plane. We ho
ever notice thatC and D for the assumed valueGa08
550 MeV yields G(a0(980)→ph)'64 MeV which is
greater than 50 MeV and cannot be self consistent. This c
sistency check within our computation further restricts
experimentally unknown value ofGa08 . On the other hand
the intersection of the line corresponding toGa08
5100 MeV with the acceptable region ofh8 partial decay
03400
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width givesGa0(980)→ph'65 MeV. Therefore we conclude
that our computation provides a stable estimate of the pa
decay width ofa0(980)→ph to be approximately 65 MeV.

The only other hadronica0 decay mode which has bee
observed@35# is KK̄; using G(a0→KK̄)'5 MeV @21# we
get an estimateG tot(a0)'70 MeV. The extracted values o
C andD and other fitting parameters are listed in the seco
column of Table I. Note that the goodness of fit improv
appreciably when we allow for non-zero widths.

It is perhaps interesting to display thex and y depen-
dences of our normalized matrix element squareduM̂ u2
5uM (x,y)u2/uM (0,0)u2. In Fig. 8 we show the projections o
this two dimensional surface onto they2uM̂ u2 and x

2uM̂ u2 planes. It is clear from they2uM̂ u2 projection that
uM̂ u2 has very little dependence onx.

The value of the scalar mixing angleus'221° affects
the entire calculation by its presence in the formulas@~A3!–
~A17!# relating the scalar coupling constants to the para
etersA, B, C andD. Now us is itself determined by diago
nalizing the isoscalar mass squared matrix obtained from
~1.2!. In this way,us depends on the input value ofmk . The
valueus'220.33° corresponds tomk5897 MeV but it was
shown in@21# that a range 865 MeV,mk,900 MeV gave
an acceptable description ofpK scattering. Furthermore, re
ducing mk to 800 MeV results in the ‘‘ideal’’ case wher
us50°. In order to judge the sensitivity of our results
changing mk we repeat the present computation for tw
lower valuesmk5875 and 800 MeV. As before we scan th
CD plane for the acceptable regions consistent with theh8
→hpp decay width~2.6!. We display the results in Fig. 9
which shows that the main effect of loweringmk is in the
D.21 GeV21 region, far from the physical region in
which we extractC andD. We see in the same figure that fo
C'4→8 the effect of changingmk is negligible. In Fig. 10
we have displayed these regions together with the co
sponding least squared fits of the normalized magnitude
the decay matrix element of the form~2.9!. As we see clearly
in this figure, the value ofC extracted at the intersection o
the lines with the strips changes by a very small amoun
we go frommk5897 to 875 MeV. On the other hand, whe
we go to the lower value ofmk5800 MeV, the goodness o
fit decreases and in particular forC,7 GeV21 we get unac-
ceptable fits. Furthermore, formk5800 MeV we get the par-
tial decay width ofa0(980)→ph to be 124 MeV which is
greater than the total decay width and is inconsistent. T
agrees with the observation in@21# that the valuesmk
,875 MeV are not favored. For the valuemk5875 MeV
the details of the fit are given in the third column of Table

IV. SUMMARY AND DISCUSSION

In this work, we studied in detail theh8→h2p decay
mode within the framework of a model in which the sca
meson candidatess(560) ~discussed in@18#! and k(900)
~discussed in@19#! are combined into a nonet together wi
the f 0(980) and thea0(980). The scalar mixing angle wa
calculated@21# in terms of these masses using Eq.~1.2! and
the various scalar-pseudoscalar-pseudoscalar coupling
2-6
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h8→hpp DECAY AS A PROBE OF A POSSIBLE . . . PHYSICAL REVIEW D 60 034002
stants were calculated in terms of the parametersA, B, C
andD in Eq. ~1.5!. In the analysis of Ref.@21# the parameters
A, B andus were found, but parametersC andD were left
undetermined. Ash8 decay probes these parameters,
have numerically searched this parameter space and fou
uniqueC andD which describes the experimental measu
ments on the partial decay width of theh8→hpp as well as
its energy dependence.

Taking into account both the uncertainties in the sca
mixing angleus ~as reflected in the value ofmk) and in the
h8→hpp decay width we get for the scalar coupling p
rameters

A52.51→2.87 GeV21

B521.95→22.34 GeV21

FIG. 8. Projections ofuM̂ u25uM (x,y)u2/uM (0,0)u2 onto they

2uM̂2u andx2uM̂2u planes. Parameters as in the second column
Table I.
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C57.03→7.39 GeV21

D522.39→21.95 GeV21. ~4.1!

These numbers are based on combining the second and
columns of Table I. The coupling constants relevant here
listed in Table II.

As a by-product of the present calculation we obtain
estimate of thea0(980) width

G„a0~980!…'70 MeV ~4.2!

as discussed in Sec. III. After this work was completed
found a very new experimental analysis@37# of the p2p
→hp1p2 and p2p→hp0n reactions which yields the
same result we have obtained from analysis of theh8
→hpp decay.

It seems useful to ‘‘dissect’’ our model in order to get
qualitative understanding of theh8→hpp process. Thus we
have plotted, in Fig. 11, the real and imaginary parts of
individual contributions of the terms in Eq.~2.4! to the total
decay matrix element. These figures again represent pro
tions of the ReM (x,y) and ImM (x,y) surfaces onto the
Re M2y and ImM2y planes; the smallx dependences ar
thus visible as thickening of the curves. First, we obse
that the ‘‘current-algebra’’ part of the amplitude, which co
responds to the use of the minimal non-linear chiral Lagra
ian of pseudoscalar fields, is an order of magnitude too sm
to explain the experimental result by itself. On the oth
hand, thea0(980) exchange contribution is clearly the ma
one for explaining the dominant real part of the amplitud
Nevertheless the other contributions are not negligible.
example the cross term 2@Re M (s)#@Re M (a0)# is of the
same order as@Re M (a0)#2. Furthermore thes meson ex-
change is seen to give the largest contribution to ImM for
most of the kinematical range.

f

FIG. 9. The effect ofmk on the acceptable regions consiste
with the h8 partial decay width. Gs85370 MeV and Gf 08
564.6 MeV.
2-7
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Note that we have used just the two input numbers,C and
D ~over and above the ones previously found! to satisfacto-
rily fit the rate and energy distribution ofh8→hpp. Thus in
the same framework, with the same parameters, we are
plaining pp @18# and pK @19# scattering up to the 1 GeV
range as well ash8→hpp. Our results may then be re
garded as support for the correctness of both the largeNc
approximation motivated approach to low energy dynam
being employed as well as the effective Lagrangian mo
@21# for the low lying scalar nonet outlined in the Introdu
tion. Of course, the ‘‘microscopic’’ structure of low lying
scalars is an interesting puzzle of present day particle phy
which seems to require a great deal of further experime
and theoretical work for its clarification. For example, t
study of radiative decays of thef(1020) is expected@38# to
yield useful information. As discussed in more detail in@21#,
the value of the mixing angleus , about221° and the mass

FIG. 10. Sensitivity of our computation tomk . Strips represent
regions consistent with the partial decay width ofh8, and lines
represent the best least squared fits of the normalized magnitud

decay matrix element to the formu11ayu21 c̃x2 with Rea5

20.0615.Gs85370 MeV andGf 08 564.6 MeV.

TABLE II. Predicted coupling constants corresponding to t
columns in Table I. All units are in GeV21.

gspp 7.27 7.27 8.36
gsKK 9.63 9.63 10.44
gshh 3.90 4.11 4.30
gshh8 1.25 2.65 2.61
gsh8h8 23.82 21.43 22.09
g f pp 1.47 1.47 2.53
g f KK 10.11 10.11 12.76
g f hh 1.50 1.72 2.78
g f hh8 210.19 29.01 29.34
g f h8h8 1.04 2.60 2.04
gaph 26.87 26.80 27.28
gaph8 28.02 27.80 27.38
03400
x-

s
el

ics
al

spectrum used here are what one would expect with a so
what distorted form of theqqq̄q̄ model@24#. A priori, how-
ever, our effective Lagrangian approach can accommod
any microscopic model which yields a flavor nonet.
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APPENDIX

Here we give, for convenience, the explicit form of th
scalar-pseudoscalar-pseudoscalar interaction@21#. Using iso-
topic spin invariance, the trilinearNff interaction from Eq.
~1.5! must have the form

of

FIG. 11. Projections onto the Re (Mi)2y and Im (Mi)2y
planes of the individual scalar contributions to the decay ma
element corresponding to the result given in the second colum
Table I.
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2LNff5
gkKp

A2
~]mK̄t•]mpk1H.c.!1

gspp

A2
s]mp•]mp1

gsKK

A2
s]mK̄]mK

1
g f 0pp

A2
f 0]mp•]mp1

g f 0KK

A2
f 0]mK̄]mK1

ga0KK

A2
]mK̄t•a0]mK

1gkKh~ k̄]mK]mh1H.c.!1gkKh8~ k̄]mK]mh81H.c.!

1ga0pha0•]mp]mh1ga0ph8a0•]mp]mh81gshhs]mh]mh1gshh8s]mh]mh8

1gsh8h8s]mh8]mh81g f 0hh f 0]mh]mh1g f 0hh8 f 0]mh]mh81g f 0h8h8 f 0]mh8]mh8, ~A1!

where theg ’s are the coupling constants. The fields which appear in this expression are the isomultiplets:

K5S K1

K0 D , ~K̄5K2K̄0!, k5S k1

k0 D , k̄5~k2k̄0!, p65
1

A2
~p17 ip2!,

p05p3 , a0
65

1

A2
~a017 ia02!, a0

05a03, ~A2!

in addition to the isosingletss, f 0 , h andh8. Theg ’s are related to parametersA,B,C,D of Eq. ~1.5! by

gkKp5ga0KK522A ~A3!

gspp52B sinus2A2~B2A!cosus ~A4!

gsKK52~2B2A!sinus22A2B cosus ~A5!

g f 0pp5A2~A2B!sinus22B cosus ~A6!

g f 0KK52~A22B!cosus22A2B sinus ~A7!

gkKh5C sinup2A2~C2A!cosup ~A8!

gkKh85A2~A2C!sinup2C cosup ~A9!

ga0ph5~C22A!sinup2A2C cosup ~A10!

ga0ph85~2A2C!cosup2A2C sinup ~A11!

gshh5FA2~B1D !2
1

2
~C12A14D !sin 2up1A2~C1D !cos2upGsinus

2F ~B1D !2
1

A2
~C12D !sin 2up1~A1D !cos2up1C sin2upGcosus ~A12!
034002-9
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gsh8h85FA2~B1D !1
1

2
~C12A14D !sin 2up1A2~C1D !sin2upGsinus

2F ~B1D !1
1

A2
~C12D !sin 2up1~A1D !sin2up1C cos2upGcosus ~A13!

gshh85@A2~C1D !sin 2up1~C12A14D !cos 2up#sinus

2@A2~C12D !cos 2up1~A2C1D !sin 2up#cosus ~A14!

g f 0hh5F2A2~B1D !1
1

2
~C12A14D !sin 2up2A2~C1D !cos2upGcosus

2F ~B1D !2
1

A2
~C12D !sin 2up1~A1D !cos2up1C sin2upG sinus ~A15!

g f 0h8h852FA2~B1D !1
1

2
~C12A14D !sin 2up1A2~C1D !sin2upGcosus

2F ~B1D !1
1

A2
~C12D !sin 2up1~A1D !sin2up1C cos2upGsinus ~A16!

g f 0hh852@A2~C1D !sin 2up1~C12A14D !cos 2up#cosus

2@A2~C12D !cos 2up1~A2C1D !sin 2up#sinus ~A17!

whereus is the scalar mixing angle defined in Eq.~1.3! while up is the pseudoscalar mixing angle defined by

S h

h8
D 5S cosup 2sinup

sinup cosup
D S ~f1

11f2
2!/A2

f3
3 D , ~A18!

whereh andh8 are the fields which diagonalize the pseudoscalar squared mass matrix. We adopt here the conventio
up'37° ~see@21# for additional discussion!.
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@16# V. Dmitrasinović, Phys. Rev. C53, 1383~1996!.
@17# F. Sannino and J. Schechter, Phys. Rev. D52, 96 ~1995!.
@18# M. Harada, F. Sannino, and J. Schechter, Phys. Rev. D54,

1991 ~1996!; Phys. Rev. Lett.78, 1603~1997!.
@19# D. Black, A.H. Fariborz, F. Sannino, and J. Schechter, Ph

Rev. D58, 054012~1998!.
@20# D. Astonet al., Nucl. Phys.A296, 493 ~1988!.
@21# D. Black, A.H. Fariborz, F. Sannino, and J. Schechter, Ph

Rev. D59, 074026~1999!.
@22# S. Okubo, Phys. Lett.5, 165~1963!; See also G. Zweig, CERN

Report No. 8182/TH 40/ and 8419/TH 412~1964!; J. Iizuka,
Prog. Theor. Phys. Suppl.37-8, 21 ~1966!.

@23# C. Callan, S. Coleman, J. Wess, and B. Zumino, Phys. R
177, 2247~1969!.

@24# R.L. Jaffe, Phys. Rev. D15, 267 ~1977!; R.L. Jaffe and F.E.
Low, ibid. 19, 2105~1979!.

@25# N. Isgur and J. Weinstein, Phys. Rev. D41, 2236~1990!.
03400
n

.

s.

s.

v.

@26# J. Cronin, Phys. Rev.161, 1483~1967!.
@27# J. Schwinger, Phys. Rev.167, 1432~1968!.
@28# D. Majumdar, Phys. Rev. Lett.21, 502 ~1968!.
@29# P. DiVecchia, F. Nicodemi, R. Pettorino, and G. Venezian

Nucl. Phys. B181, 318 ~1981!; P. Herrera-Siklo´dy,
hep-ph/9902446.

@30# J. Schechter and Y. Ueda, Phys. Rev. D3, 2874 ~1971!; 8,
987~E! ~1973!.

@31# C. Singh and J. Pasupathy, Phys. Rev. Lett.35, 1193~1975!.
@32# N. Deshpande and T. Truong, Phys. Rev. Lett.41, 1579

~1978!.
@33# A. Braman and E. Masso, Phys. Lett.93B, 65 ~1980!; S. Coon,

B. McKellar, and M. Scadron, Phys. Rev. D34, 2784~1986!.
@34# S. Weinberg, Physica A96, 327 ~1979!; J. Gasser and H.

Leutwyler, Ann. Phys.~N.Y.! 158, 142 ~1984!; J. Gasser and
H. Leutwyler, Nucl. Phys.B250, 465 ~1985!; A recent review
is given by Ulf-G. Meißner, Rep. Prog. Phys.56, 903 ~1993!.

@35# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1
~1999!.

@36# D. Alde et al., Phys. Lett. B177, 115 ~1986!.
@37# S. Teigeet al., Phys. Rev. D59, 012001~1999!.
@38# N. Achasov and V. Ivanchenko, Nucl. Phys.B315, 465~1989!;

R. Akhmetshinet al., Phys. Lett. B415, 452~1997!; M. Acha-
sov et al., ibid. 440, 442 ~1989!; F. Close, N. Isgur, and S
Kumano, Nucl. Phys.B389, 513 ~1993!.
2-11


