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We consider the phenomenological description of the two pion invariant mass spectrumih-thémr =
decays. We study the parametrization of the amplitude involving Ba@thd D wave contributions. From a fit
to the two pion decays of th¥(nS) and¥(nS) we determine thdy(600) mass and width to tmfo=528
+32 MeV andl“fo=413i 45 MeV. The mass and width values we report correspond, respectively, to the real
and imaginary part of th& matrix pole.
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[. INTRODUCTION data involving scalar mesons, although fi3é600) has only
been reported by the E-791 Collaboration after the Dalitz
The experimental identification of low mass scalar resoplot analysis of D—a* 7~ 7" [17]. Another important
nances is a long-standing puzzle whose origin can be tracesburce of information is the vector meson decays. The pro-
back to some of the following characteristics: a large decayesses considered involve either the scalars themselves or
width, possible mixing with multiquark or glueballs, overlap pion pairs together with photons or vector mesons. Among

of resonances, and the opening of channels, which is respofhese we can mention p(w,®)—PPy [18-27, J/¥
sible for the appearance of cusp effef$ In particular the PPV, ¥/ WPP, andY(nS)—Y(mSPP [23], where

fo(600) has a long history, it has been included in SOM&S stands for a pseudoscalatr (or K) and V for a vector

issues of the Particle Data Group Book but it has also beeﬂweson p,w). Experimental evidence for the contribution of

excluded for long periods by the Particle Data Group. Re-
scalar resonances to some of these processes has been re-

cently, experimental evidence from different corners of par- ) . e
ticle physics has accumulated confirming the existence of th orted; for example24], in the /¥ —wm" 7" decay a

X 4 . .
f,(600) resonance. There have been attempts to interpret t Amp 1S observed at low™ 7™ mass which cou!d be inter-

. . — preted as ther, a result that seems to be confirmed by the
low-lying scalars as multiquark stat¢g,3] or KK bound

states[4.5]. Also, models exist based on chiral SymmetryBES Collaboratiori25]. Also a recent analysis of the data for

[6—8] or else unitarized models where the scalar nonet arise¥ (NS —Y(m§PP concludes the contribution of the
[9,10,. However, the understanding of actual processes info(600) with a large uncertainty in the widtm=526"35,
volving scalar mesons starting from first principles has nof=301"133 MeV) [26]. It should be noticed that in the ex-
been achieved. Effective theories are not well suited to degberimental data fog(2S) — 7" 7~ J/'¥ reported by the BES
with these scalars. The use of sum rules is perhaps the besbllaboration[27], no evidence for thé,(600) contribution
approach to the problefd1]; however, no predictions for all s foreseen.

of the scalars have been advanced in that framework. Fur- In this paper we concentrate on the decay of heavy quark

thermore, the phenomenological description of broad resogector meson resonance¥ @nd W), where a pair of pions
nance faces severe problems. The determination of the phy§ks hroduced with invariant mass ranging below the 1-GeV
cal parameters—mass and width—is a nontrivial problemegion. The kind of processes we are interested in has been
that requires the study of the nonresonant background depepgnsidered by a number of authors using techniques as di-
dence. o _ _ _ verse as pure chiral symmetf8], nonrelativistic theory

For small invariant mass of the pion pair, experimentalassyming the existence of an Adler z¢28], the color field
data for 77 scattering is obtained from th&e (K myttipole expansion in the nonrelativistic limfi80,31, ef-
—mme ve) [12,13. Theoretical studies have been carriedfective Lagrangian based on chiral symmetry and the heavy
in this kinematical region using chiral symmetry and ROy quark expansiofid2—34, and also a purely phenomenologi-
equations—solid theoretical tools—establishing thus a firm.g) description based on a Breit-Wigner parametrizas).
result to be considered by other analygig]. Inclusion of  The framework so developed is used then to describe the two
the di-pion low invariant mass favor a light and very broadpion invariant mass spectrum and, in some cases, also the
fo(600) (m~470+30 MeV andI'/2~295+20 MeV). Be-  angular distribution. The latter is important since existing
low 1 GeV, information on ther phase shift is extracted experimental data could discriminate the models. Further-
from 7N scattering P P annihilation at rest, and central pro- more, as far as we know, the complete parametrization of the
duction; these data allow the existence of a brodd ( amplitude has not been discussed; in fact in the framework
~500 MeV) scalar meson resonan¢#5,16. Decay of of effective field theories where an expansion in terms of the
pseudoscalar charmed mesons are also a source of valualblember of derivatives is performed, some confusion arose
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concerning the S” and “ D” wave contributions to the am- tion of the flavor conserving two pion decays of tfieand ¢
plitude [34]. families should consider the full set of data, since the fore-

Our purpose is to perform an analysis as general as poseen physical mechanisniscale anomaly, scalar resonance
sible, including botts andD waves in the PE) system. We exchangg could contribute in all cases under consideration.
show that Lorentz covariance fixes the parametrization of the

amplitude in terms of four form factors. Using the two gluon Il. PARAMETRIZATION OF THE AMPLITUDE
mechanism required by the OZI rule—which implies that the . .
form factors depend only upon th& —V momentum trans- We are interested in the decayV'(p’,7’)

fer or equivalently on ther invariant mass—the spin 0 —V(P,7)7(p1) 7(p2) where the letters in parentheses stand

(di-pion Swave and spin 2di-pion D wave are unambigu- for the four-momenta and polarization of the corresponding
. . . . . i H — _ — 2__

ously identified since no angular dependence is involved nPar“C,'gS- we |nt2rodu§:e|—2pl _P2 andQ=p;+p,. Q°=s,

the form factors. As far as the angular dependence is cor@Ndp’“=m’, p*=m", p1=py=m:. In order to obtain the

cerned, including two or four form factors makes no differ- 9€neral parametrization it is convenient to consider the am-

ence, and since thew invariant mass dependence will be Plitude for the exchange of arbitrary spin-0 and spin-2 me-

parametrized, for simplicity we will restrict our analysis to Sﬁn“ke ot?ectQaltho_ugh we do POt CO”S"?';f thr(]asactual ex-

two form factors,ap(m...) anda,(m..), which are associ- Cchange of any particle Let us first consider the& wave

ated toSandD waves, respectively. In order to parametrize CONtribution. The amplitude for thg’ —V+ scalar can be
a, anda, we rely on the pole approach, i.e., we assume thaf/'tén as

the f,(600) pole dominates the s invariant mass distribu-

tion of the processes under consideration. For this reason we Mo=7"#n",,.

propose thaty(m,,) amounts to a Breit-Wigner plus a soft

background while for D” wave channel, where no reso- . . .

nance is expectedi,(m,,) is parametrized in terms of a _Covarlance allc?ws US to writg,, In terms Qfgﬂf an,d the
soft background. In this way we claim that crossed channef?dependent §',p) four-momenta. -Imposingp’- 7' =0,
as well as higher scalar resonance contributions are takdp 7= 0. and using’”t,, =0, which follows from the fact
into account since we know that the amplitude associated t81atV’(p") is produced through a virtual photon in ane
these phenomena behave as a soft function in the 500—goBachine, we obtain

MeV range, where théy(600) is expected to lie.

Our strategy is to perform a joint fit to data from different (-7 (p-7")
processes, involving 165 points and 33 parameters. The set Mo=a0< nn-———| 1)
of data points we consider include the- 7 invariant mass p-p

distribution of the Y(39)—Y(1S)+aw [23], Y(39)

=Y (29 +mm [23], Y(29) =Y (1) + 7 [23,35, ¢(29) Already at this point we encounter differences with the
—J/y+mm [27] decays. The following characteristics are n4rametrizations used in the literatUgs], where only the
worth mentioning:(i) we are considering flavor conserving .7’ term is considered. Although sizable effects are not
processes, and all of them are expected to proceed thro“???oduced by the extra term it is important to work with the

two gluons. This point will be relevant when discussing thepoper orentz invariant amplitude. In particular, differences
parametrization of the form factorgi) The smallness of the ;514 become relevant when polarization measurements are
phase space available for the processes under consideratiphoved [39].

(2m,=<s=<0.9 GeV). Note that the expected central value  For theD wave contribution we obtaisee the Appendix
and the large width of thefy(600) would imply non-  fqf detailg
negligible resonance effects in these processesjiandhe
invariant mass distribution fos—s;;,, wheres;, stands for
the threshold value of the di-pion invariant mass- shows a
peculiar behavior to be contrasted with the typica ( Mo
—2m?) expected in processes involving soft pions. Com-
pare, for example, in Fig. 1 the threshold behavior of {ise
distribution for Y (2S)—Y (1S)+mw or (29 —Jly +c
+a with Y(3S)—Y(1S) + 7.

In order to understand the nature of the problem that we

p'#
b(ﬁ”— ,(W'm>n”
p-p

. (1" p) o
n't=p'* ,)(vp)P”
p-p

a . ! ! .
face, we remark that the more recent d&t@,35 have been +— 2 S| (m- ") — M) p'#p'” 1L, .
analyzed in terms of the scale anomaly. Indeed, these pro- m'<—m '
cesses can be fitted without difficulty using the scale @)

anomaly, which brings the question if the full set of data we

consider can be explained using the same formalism. Our

results show that this is not the case and that inclusion of théh order to obtain the decay rate, we carry out the integration
f,(600) improves our understanding of the data. Thus, as fé@Ver thepy ,p, Lorentz invariant phase space in the two pion
as we can see, any attempt to provide a successful descripenter of mass reference frame, i@+ 0, go=0. We obtain
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FIG. 1. Data points used in the analys28,27,39 and the resulting fi¢solid line). In the horizontal axes we plot,, .= Js whereas the
vertical refers to the differential decay rat€/d+/s, or number of events, as shown in the plots and discussed in the quoted references. For
the same reaction, open circles and solid triangles refer to data obtained from exclusive and inclusive processes, respectively.

d3 dd d3 d3
F E | :E) fl |nt E MO /,Ll/ 3pl 52
pol (277) 2po (27)°2p10 (2m)°2p10 (27)°2P20
d3p, ><(27r)464(Q—p1—p2)
—————(2m)*6%(Q—p1—p2)
(277) 2p20 :aguu+bQuQu'
dp 4m2 v The last equality follows from covariance. Usi@“Il,,
48 m Em |M 57132 1-— =g*”Il,,=0, it follows thata=b=0. For theD wave we
& P ( )20 Q proceed along the same lines,
. . . _ 11 dp
The S-D wave interference vanishes upon integration. In-  T',= — f —————— (A*PA* M)H/wprr’
deed, the decay rate is proportional to 2m’ 3 pal J (2m)3(2po)
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where

E (I d3p1 d3p2
woe) e 2pr0 (2m)(2P )
><(27T)464(Q—p1—p2)

=xII

;LVpU’

HVpo

x is determined using the reference frame whére 0, qq
=0. For example,

d*p, d*p,

(2m)3(2p10) (27)3(2p20)
X (2m)* 8N Q—p1—p2).

H3333_3 fZ( 33 33)

In this way we obtain

Q4 4m2 5/2
:W( QZ)'

Using theqy=

that IT,,,~Y,(6, ), , It is associated to the di-pidn

wave. Furthermore srnce the OZI rule allows us to concludqn

thata,,b, andc can only depend upos= (p;+ p,)? (recall

0,(3=0 reference frame, it is easy to show

PHYSICAL REVIEW D69, 074033 (2004

4m2m/2

2
. (np)(7n"-p)

> |- ) ’ = 2. 12 2

pol p-p ‘ (m“+m’'“—s)

)

We have now a general expression describing the decay
V' -V, which involves two invariant amplitudes, asso-
ciated to theS and D wave, respectively. Given thaf's
=<0.9 GeV, we assume that tt®wave is composed of the
fo(600) and a nonresonant background. This is an approxi-
mation since other resonances could contribute to the ampli-
tude in the kinematical region considered. However, it is
reasonable to expect that the contribution of t€980)
(Ff0(980)~100 MeV) and higher states decaying in two

pions behave softly in the neighborhood of #3€600), even

if the latter is a broad resonance. Crossed channel contribu-
tions are treated in a similar way, i.e., considered as soft
functions of the di-pion invariant mass. Therefore we param-

etrize the form factor associated to tBevave in the follow-

ing way:

amg b;
D(s) cis

mg

®

al) =

is introduced for dimensional reasons and is fixed to
my=0.5 GeV. ForD(s) we used two different expressions:

thats= Q2 stands for ther# invariant mask then we con-

clude thatM, describes the di-pion spin-2 wave. In the fol- D(s)=s—m?+1II(s), (9a)
lowing we consider the particular case where only one Lor-
entz invariant amplitude is included i, . To this end we D(s)=s— m,2)+impr, (9b)

setb=c=0 in Eq.(2) or Eq.(A3). This is the simplest way

to consistently introduc® wave effects. Currently the ex- whereII(s) stands for thef,(600) self-energy which in-

perimental data are not precise enough to take into accounblves a loop of kaons and pions. Note that E2b) defines

preciseD wave effects. Hence the choite=c=0 is justi-  the massmn, and widthT', of the resonance in terms of the

fied. Within this approximation we obtain for the di-pion real and imaginary part of the pole of tamatrix. If a pole

invariant mass distribution exists, it should be independent of the process where it is
observed. However, neither the residue nor the background

dar (m’ p)\/_ (P (n'-p) 2 have to be the same for different processes. For this reason
d\/— 3(am’ 77)3 pEm (n-7m")— T we include the index which is associated to the physical
decay under consideration. In the kinematical region of in-
X (SWHDW), 3) rerest theD channel is nr)nresonant, thus we can approximate
it by a soft background:
wherep stands for the three-momentump=|p|) and £
all= ———1. (10)
2
m2 1/2 giS
SWZ|ao(S)|2( 1- ) : (@) =3
0
a,(s) 2 It should be clear that our approach is a phenomenologi-
2 cal one, and that we have not attempted to explicitly incor-
‘ "2 m? 4m?\ 5?2 porate the scale anomaly. In fact, it can be argued that such a
DW= 180 1- S contribution is included within the background. Before turn-
ing to the fit, a few words regarding the pole parametrization
X{[s—(m'?+m?)]>—4m’'?m?}?, (5)  are in order. Different parametrizations can be used to fit the
data, however, the parameters that have physical relevance
with are the mass and width of the resonance, which are identified
with the real and imaginary part pole position. One can use,
2m’p=[(s—m’'2—m?)?—4m’'?m?]*?, (6)  for example, ans dependent width, or include theoretical
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expression for the full self-energy, however, at the end the TABLE I. Parameters resulting from the fit. The normalization

parameters resulting from the fit have to be used to obtain thtactors refer to:N, data from Ref.[35], N, to the Y(3S)

pole (see, for example, Ref37]). One expects that the re- —Y(1S)+7°7°, andN; to Y(35)— Y (28) + #°#°. The param-

sults thus obtained coincide, independently of the parametrigters are defined by Eqe8) and (10). Processes are labeled 1:

zation usedan example is worked in detail in ReB8]). Y(29)—=Y(1§7m 20 Y(3§-Y(1§mm; 3 Y(39
For completeness, we include thaistribution predicted —Y(2S)mm; and 4.V (28) — I/ V.

by the scale anomaly; further details can be found in the

—3
original literature[30,31. The decay rate for the decay Na 8.4x10
—Varar, with V' andV vector mesons, is given by N2 0.36

N 0.62
U a 8.2x10°
do s—4m277| (5 0> H 5 P b, 5.3X103+i5.1x 10°
= all 91t — s—cy(s+[q(9) c -0.14
2 3¢d 1
dys  amj, 7] 6 f, —1.6x10°+i3.8x 10°
om? 2 4 2\ 2 91 0'402
T ~ 5 ~2 =14 T a, 7.6X1
X| 1+ —— ] Feamy | + cciq] (1_ s ) ] b, ~1.1X10°+i8.4X 107
C, 5.4x 102
(12) f2 2.3+i2.8
) (o} 0.33
with as —1.2x10°
b, —7.8x10°—i1.0x 10°
~ 24 ~  4(39,+0,—39 G 1l
=2 3o (30:+9,~393) fa —4.8X10°—i9.0x10°
69:1+0> 69:1+0> s —5.0x10°
a, 4.8x10*
and b, 3.2x10°+i3.7x 10
- 1 ’ ) fy 3.2x10'-i3.2x 10"
lal=—_ {m§, = (Vs=m)J[my, — (V/s+md) ]} 94 —4.9x10°2
V!
II. THE FIT Eq.(9b): D(s)=s—mj+im,I',. We need more precise data

We consider the following decaysY (3S)—Y(19) to use Eq.(9a be_causel'[(s) is described in te_rms of
+am [23], Y(3S)—Y(2S)+ w7 [23], Y(29)—Y(1S)  MGtrrm. @Ndgyse With too many parameters. For this reason
+arar [23,35), 4(25)— I/ -+ 7 ar [27], resulting in a total of  OUr analysis is restricted ©(s) given by Eq.(9b) where the
165 points. All the data points for the different decays but themass (n,) and width (",) are obtained directly from the fit.
last one have been obtained from plots since no listings of The fit involves 33 parameters. We consider four pro-
the data are available. It is important to mention that previcessegi=1-4 in Egs.(8) and (10)] and for each of these
ous fits[26] of the ¢/(2S) — J/ s+ 7 included only a subset we require seven parameters &nd f which are complex,
of the experimental data. anda,c,g). Three normalization factors are also parameters

Following the analysis in Ref$27,35 we first attempted  of the fit—because some of the reported data refer to number
a fit of the 165 data points in terms of the scale anorfsé  of events, not to a differential decay rate—and finally the
Eq. (11)][30,31]. The parameters of the fit atg,g,,0; (or  mass and width of the resonance. The fit leads to a pole

equiva|ent|yEl aEZv and?:g: 6614—62) for each process p|us located atmp=528t 32 MeV and Fp=413i 45 MeV to-

normalization factors since some data are reported as numbgether with the parameters reported in Table |, ar)@ﬁ_@,f_

of events, leading to a total of 15 parameters. The fit pro=1.12. The result of the joint fit are shown as the solid lines

duces ayj . ; >2. This is not an unexpected result, the am-in Fig. 1. We do not report the result of the fit for tBavave

plitude associated with the scale anomaly is derived undealone, however, we should mention that includibgvave

the assumption that the pions are soft, and this is not the casdfects improves the totay? but the x3,; remains un-

for all the data under consideration. In fact, according to Refchanged. Note in this respect that the fit parameters are ob-

[26] and previous analysigl], the f(600) is expected to tained from the di-pion invariant mass spectrum, the angular

contribute to these processes. This is the motivation to try distributions are not involved. Once the fit parameters are

fit in terms of the pole approach, as discussed in the previouxed, numerical integration over the di-pion invariant mass

section. is performed and we obtain—up to normalization again—the
The fit using the pole approach is based on Egs-(5),  following angular distributiongin GeV unit9 and the curves

and(8)—(10). With the current data, the fit can be done with shown in Fig. 2:
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T(25)=T(1g)

PHYSICAL REVIEW D69, 074033 (2004

Tr+ﬂ_0mgu\or distribution

" 015
= C
g)_) -
Yoo -
5 B
2005
E —
= C
C)_|\|||||||\|||||||\|||||||\|||||||\|||||
—1 -0& —-06 =04 =02 O 0.2 0.4 0.6 0.8 1
CosB
T(33)=T(13) mtri angular distribution
= Zr
L C
l —
150 | %
e -
R - — i . —
1 = I
Eg n + + %+ %* %+
= 05 F
(’:):|||||\|||||||||\||\|||||||||\|||||||||\|||||||||\
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Cosep
Y(2s)=J /1 ntangular distribution
02000 [ .
g "TY AL TP - NEITLAITLE
Woona ¥ e bt TRy ’
1000 -
(:)_|\|||||||\|||||||\|||||||\|||||||\|||||
—1 -08 —-06 =04 =02 0 0.2 0.4 0.6 0.8 1
CosBr

FIG. 2. Angular distribution as obtained from Eq42)—(14)

and compared to data from Reff3,27,33. Open circles and solid

triangles refer to data obtained from exclusive and inclusive processes, respectively.

Y(2S)—Y(1S)7w [35]:

ar 2 ,
dicosg) — 0-070.06743 cog6—1)+1.09),
(12)
Y (3S)—=Y(1S)mwx [23]:
ar 2 ,
W*Z-ZO-OOO% cosd—1)+0.511],
(13

V(2S) =V am [27):

=6.95.493 co$6—1)2+359]. (14)

d(cosb)
Besides the pole position and the quality measure through
the x5, ¢ , it is instructive to analyze the different contribu-
tions to the decay rate. These are shown in Fig. 3 where the
dots corresponds to the pole contribution, the dashed line to
the background, and resulting fit is represented by the con-
tinuous line. From these plots one can see that the pole and
background contributions must interfere destructively in all
cases, except for the(3S)—Y (1S) transition in which the
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FIG. 3. The curve resulting from the fit to the ddsmlid line), and for comparison the poléotted lineg and backgrounddashed ling
contributions. Note that for th¥ (3S) — Y (2S) + 7 the fit curve is close to the axes, which implies a strong destructive interference among
the pole and the background contributions.

kinematical region includes the pole position and both, conthe different processes. Of course anomaly effects can be
structive (below the pole magsand destructivdabove the incorporated in the background appearing in 8j.
pole) interferences, leading thus to the structure around 650

MeV. In Table Il we quote the contributions to the& from V. SUMMARY

TABLE II. x2 . for each separate process as obtained from fit In this paper we consider the phenomenological descrip-
to the di-pion invariant mass distribution. tion of the following decays:Y(3S)—Y(1S)+ 7+,

Y(39)—=Y(2S)+7+m, Y(2S)—=Y(1S)+7+m, (29

Process Ngata Xaot —J/y+ 7+ . As far as we can see, it is not possible to
Y (2s)—=Y(1s)mm 48 0.74 obtain a good quality fit in terms of the scale anomaly alone.
Y (3s)—Y(1s) 7w 40 1.3 Using general arguments, we derived an expression for the
Y(3s)—Y(2s) 7w 32 1.1 invariant amplitude describing flavor conserving processes
W(28)— Iy 45 1.5 of the typeV’'—V+ 7+ 7, including bothS and D waves,

which involves two invariant amplitudes. We parametrized

074033-7
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the S wave form factor with a pole plus a soft background where we introduced then’?—m? factor to work with a
and theD wave form factor by pure soft background. Fitting dimensionlessa,. A*” in Eq. (Al) describes theV'(p’)
the data yields a pole im,=528+32 MeV andl';=413  —V(p)+D(Q), whereD stands for a spin-2 mesonlike ob-
+45 MeV with Xd ot.=1.12. We remark that a strong inter- ject and is given by

ference among the pole and the background is required to fit

the data. Thus our analysis seems to indicate that physics in 7P (7'-p)
Swave pion-pion interaction below 800 MeV is governed by =~ A*"=b| »'#— ——p'#* | p"+c| n'*—p'* -
a subtle interplay betweei(600) meson contributions and ‘ p-p

a big background, difficult to understand in terms of conven-

tional physics and which could be associated to the scale X(7-p')p’*+d
anomaly. In fact, one expects the dominant contribution to

arise from the pole, while a background as important as the

pole (as in the present casean be taken as an indication of

a nonperturbative phenomenon, like the scale anomaly.

!

, (n-p')(n'-p)) .
/e | U U

(A3)

In EqQ. (A1) B*? describes th® — 77 amplitude andl
is the spin two projector:

nrpo
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The polarization tensdn,,, has the following properties:
APPENDIX

h,,(\)=h,,(\), Q*h,,(\)=g*"h,,(A\)=0. (A5
In this appendix we present details of the derivation of the p M =RV QFN (M) =gy (M) (AS)

M, amplitude. For théd wave contribution we write . . . .
Using these relations together with the projector property of

My=A*11,,,,B° (A1) II,,,, one finds
Using Lorentz covariance and imposing the conditions 1 1 1
p’-7'=0, p-»=0 we find the general structure féx,,, I, .= 2PM)PW,Jr 2PMP §PWPP,,, (AB)
and through Eq(Al) the di-pionD wave amplitude(note
thatQ*11,,=Q"I1,,=0, thereforep’~II ,,=p*I1,,,):
with
p#
My=|b n’”—p p,(n’-p) 7 0.0
P/szg,uv_ 82 . (A7)
P IO) .
el n'#—p (7-p")p
On the other hand, by Lorentz covarianBg,>q,d,, and
o for convenience we introduced
ay o (P -p)y i
| ()= | P,

1
(AZ) H/.LVEH,LLVPO'BP(T:q,quV_ §P,u,1/q2- (A8)
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