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pp invariant mass spectrum in V8\Vpp and the f 0„600… pole
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We consider the phenomenological description of the two pion invariant mass spectrum in theV8→Vpp
decays. We study the parametrization of the amplitude involving bothS andD wave contributions. From a fit
to the two pion decays of theY(nS) andC(nS) we determine thef 0(600) mass and width to bemf 0

5528
632 MeV andG f 0

5413645 MeV. The mass and width values we report correspond, respectively, to the real
and imaginary part of theS matrix pole.
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I. INTRODUCTION

The experimental identification of low mass scalar re
nances is a long-standing puzzle whose origin can be tra
back to some of the following characteristics: a large de
width, possible mixing with multiquark or glueballs, overla
of resonances, and the opening of channels, which is res
sible for the appearance of cusp effects@1#. In particular the
f 0(600) has a long history; it has been included in so
issues of the Particle Data Group Book but it has also b
excluded for long periods by the Particle Data Group. R
cently, experimental evidence from different corners of p
ticle physics has accumulated confirming the existence of
f 0(600) resonance. There have been attempts to interpre
low-lying scalars as multiquark states@2,3# or KK̄ bound
states@4,5#. Also, models exist based on chiral symme
@6–8# or else unitarized models where the scalar nonet ar
@9,10#. However, the understanding of actual processes
volving scalar mesons starting from first principles has
been achieved. Effective theories are not well suited to d
with these scalars. The use of sum rules is perhaps the
approach to the problem@11#; however, no predictions for al
of the scalars have been advanced in that framework.
thermore, the phenomenological description of broad re
nance faces severe problems. The determination of the ph
cal parameters—mass and width—is a nontrivial probl
that requires the study of the nonresonant background de
dence.

For small invariant mass of the pion pair, experimen
data for pp scattering is obtained from theKe4 (K
→ppe1ne) @12,13#. Theoretical studies have been carri
in this kinematical region using chiral symmetry and R
equations—solid theoretical tools—establishing thus a fi
result to be considered by other analysis@14#. Inclusion of
the di-pion low invariant mass favor a light and very bro
f 0(600) (m'470630 MeV andG/2'295620 MeV). Be-
low 1 GeV, information on thepp phase shift is extracted
from pN scattering,PP̄ annihilation at rest, and central pro
duction; these data allow the existence of a broadG
'500 MeV) scalar meson resonance@15,16#. Decay of
pseudoscalar charmed mesons are also a source of val
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data involving scalar mesons, although thef 0(600) has only
been reported by the E-791 Collaboration after the Da
plot analysis of D→p1p2p1 @17#. Another important
source of information is the vector meson decays. The p
cesses considered involve either the scalars themselve
pion pairs together with photons or vector mesons. Amo

these we can mention (r,v,F)→PP̄g @18–22#, J/C

→PP̄V, C8→CPP̄, andY(nS)→Y(mS)PP̄ @23#, where
P stands for a pseudoscalar (p or K) and V for a vector
meson (r,v). Experimental evidence for the contribution o
scalar resonances to some of these processes has be
ported; for example@24#, in the J/C→vp1p2 decay a
bump is observed at lowp1p2 mass which could be inter
preted as thes, a result that seems to be confirmed by t
BES Collaboration@25#. Also a recent analysis of the data fo

Y(nS)→Y(mS)PP̄ concludes the contribution of th
f 0(600) with a large uncertainty in the width (m5526237

148,
G53012100

1145 MeV) @26#. It should be noticed that in the ex
perimental data forc(2S)→p1p2J/C reported by the BES
Collaboration@27#, no evidence for thef 0(600) contribution
is foreseen.

In this paper we concentrate on the decay of heavy qu
vector meson resonances (Y andC), where a pair of pions
is produced with invariant mass ranging below the 1-G
region. The kind of processes we are interested in has b
considered by a number of authors using techniques as
verse as pure chiral symmetry@28#, nonrelativistic theory
assuming the existence of an Adler zero@29#, the color field
multipole expansion in the nonrelativistic limit@30,31#, ef-
fective Lagrangian based on chiral symmetry and the he
quark expansion@32–34#, and also a purely phenomenolog
cal description based on a Breit-Wigner parametrization@26#.
The framework so developed is used then to describe the
pion invariant mass spectrum and, in some cases, also
angular distribution. The latter is important since existi
experimental data could discriminate the models. Furth
more, as far as we know, the complete parametrization of
amplitude has not been discussed; in fact in the framew
of effective field theories where an expansion in terms of
number of derivatives is performed, some confusion ar
©2004 The American Physical Society33-1
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concerning the ‘‘S’’ and ‘‘ D ’’ wave contributions to the am-
plitude @34#.

Our purpose is to perform an analysis as general as

sible, including bothSandD waves in the (PP̄) system. We
show that Lorentz covariance fixes the parametrization of
amplitude in terms of four form factors. Using the two gluo
mechanism required by the OZI rule—which implies that t
form factors depend only upon theV82V momentum trans-
fer or equivalently on thepp invariant mass—the spin 0
~di-pion Swave! and spin 2~di-pion D wave! are unambigu-
ously identified since no angular dependence is involved
the form factors. As far as the angular dependence is c
cerned, including two or four form factors makes no diffe
ence, and since thepp invariant mass dependence will b
parametrized, for simplicity we will restrict our analysis
two form factors,a0(mpp) anda2(mpp), which are associ-
ated toS andD waves, respectively. In order to parametri
a0 anda2 we rely on the pole approach, i.e., we assume t
the f 0(600) pole dominates thepp invariant mass distribu-
tion of the processes under consideration. For this reason
propose thata0(mpp) amounts to a Breit-Wigner plus a so
background while for ‘‘D ’’ wave channel, where no reso
nance is expected,a2(mpp) is parametrized in terms of
soft background. In this way we claim that crossed chan
as well as higher scalar resonance contributions are ta
into account since we know that the amplitude associate
these phenomena behave as a soft function in the 500–
MeV range, where thef 0(600) is expected to lie.

Our strategy is to perform a joint fit to data from differe
processes, involving 165 points and 33 parameters. The
of data points we consider include thep2p invariant mass
distribution of the Y(3S)→Y(1S)1pp @23#, Y(3S)
→Y(2S)1pp @23#, Y(2S)→Y(1S)1pp @23,35#, c(2S)
→J/c1pp @27# decays. The following characteristics a
worth mentioning:~i! we are considering flavor conservin
processes, and all of them are expected to proceed thro
two gluons. This point will be relevant when discussing t
parametrization of the form factors.~ii ! The smallness of the
phase space available for the processes under consider
(2mp<As<0.9 GeV). Note that the expected central val
and the large width of thef 0(600) would imply non-
negligible resonance effects in these processes; and~iii ! the
invariant mass distribution fors→sth , wheresth stands for
the threshold value of the di-pion invariant mass- show
peculiar behavior to be contrasted with the typicals
22mp

2 ) expected in processes involving soft pions. Co
pare, for example, in Fig. 1 the threshold behavior of theAs
distribution for Y(2S)→Y(1S)1pp or c(2S)→J/c
1pp with Y(3S)→Y(1S)1pp.

In order to understand the nature of the problem that
face, we remark that the more recent data@27,35# have been
analyzed in terms of the scale anomaly. Indeed, these
cesses can be fitted without difficulty using the sc
anomaly, which brings the question if the full set of data
consider can be explained using the same formalism.
results show that this is not the case and that inclusion of
f 0(600) improves our understanding of the data. Thus, as
as we can see, any attempt to provide a successful des
07403
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tion of the flavor conserving two pion decays of theY andc
families should consider the full set of data, since the fo
seen physical mechanisms~scale anomaly, scalar resonan
exchange! could contribute in all cases under consideratio

II. PARAMETRIZATION OF THE AMPLITUDE

We are interested in the decayV8(p8,h8)
→V(p,h)p(p1)p(p2) where the letters in parentheses sta
for the four-momenta and polarization of the correspond
particles. We introduceq[p12p2 andQ[p11p2 . Q25s,
andp825m82, p25m2, p1

25p2
25mp

2 . In order to obtain the
general parametrization it is convenient to consider the a
plitude for the exchange of arbitrary spin-0 and spin-2 m
sonlike objects~although we do not consider the actual e
change of any particle!. Let us first consider theS wave
contribution. The amplitude for theV8→V1 scalar can be
written as

M05h8mhntmn .

Covariance allows us to writetmn in terms ofgmn and the
independent (p8,p) four-momenta. Imposingp8•h850,
p•h50, and usingp8mtmn50, which follows from the fact
thatV8(p8) is produced through a virtual photon in ane1e2

machine, we obtain

M05a0S h•h82
~p8•h!~p•h8!

p•p8
D . ~1!

Already at this point we encounter differences with t
parametrizations used in the literature@36#, where only the
h•h8 term is considered. Although sizable effects are n
produced by the extra term it is important to work with th
proper Lorentz invariant amplitude. In particular, differenc
could become relevant when polarization measurements
involved @39#.

For theD wave contribution we obtain~see the Appendix
for details!

M25FbS h8m2
p8m

p•p8
~h8•p!D hn

1cS h8m2p8m
~h8•p!

p•p8
D ~h•p8!p8n

1
a2

m822m2 S ~h•h8!2
~h•p8!~h8•p!

p•p8
D p8mp8nGPmn .

~2!

In order to obtain the decay rate, we carry out the integrat
over thep1 ,p2 Lorentz invariant phase space in the two pi
center of mass reference frame, i.e.,QW 50, q050. We obtain
3-2
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FIG. 1. Data points used in the analysis@23,27,35# and the resulting fit~solid line!. In the horizontal axes we plotmpp5As whereas the
vertical refers to the differential decay ratedG/dAs, or number of events, as shown in the plots and discussed in the quoted referenc
the same reaction, open circles and solid triangles refer to data obtained from exclusive and inclusive processes, respectively.
1 1 d3p d3p1

In

1 d3p1 d3p2

G0[

2m8 3E (
pol

uM 0u2
~2p!32p0 ~2p!32p10

3
d3p2

~2p!32p20

~2p!4d4~Q2p12p2!

5
1

48pm8
E (

pol
uM 0u2

d3p

~2p!32p0
S 12

4mp
2

Q2 D 1/2

.

TheS-D wave interference vanishes upon integration.
deed, the decay rate is proportional to
07403
-

G int;
3m8

E (
pol

~ReM0Pmn!
~2p!32p10 ~2p!32p20

3~2p!4d4~Q2p12p2!

5agmn1bQmQn .

The last equality follows from covariance. UsingQmPmn

5gmnPmn50, it follows thata5b50. For theD wave we
proceed along the same lines,

G25
1

2m8

1

3 (
pol

E d3p

~2p!3~2p0!
~AmnA* rs!P̄mnrs ,
3-3
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GALLEGOS, LUCIO M, AND PESTIEAU PHYSICAL REVIEW D69, 074033 ~2004!
where

P̄mnrs5E (
pol

~PmnPrs!
d3p1

~2p!3~2p10!

d3p2

~2p!3~2p20!

3~2p!4d4~Q2p12p2!

5xPmnrs .

x is determined using the reference frame whereQW 50, q0
50. For example,

P̄33335
2

3
x5E (

pol
~P33P33!

d3p1

~2p!3~2p10!

d3p2

~2p!3~2p20!

3~2p!4d4~Q2p12p2!.

In this way we obtain

x5
Q4

60p S 12
4mp

2

Q2 D 5/2

.

Using theq050,QW 50 reference frame, it is easy to sho
that Pmn;Y2(u,f), i.e., it is associated to the di-pionD
wave. Furthermore, since the OZI rule allows us to conclu
thata2 ,b, andc can only depend upons[(p11p2)2 ~recall
thats5Q2, stands for thepp invariant mass!, then we con-
clude thatM2 describes the di-pion spin-2 wave. In the fo
lowing we consider the particular case where only one L
entz invariant amplitude is included inAmn . To this end we
setb5c50 in Eq. ~2! or Eq. ~A3!. This is the simplest way
to consistently introduceD wave effects. Currently the ex
perimental data are not precise enough to take into acc
preciseD wave effects. Hence the choiceb5c50 is justi-
fied. Within this approximation we obtain for the di-pio
invariant mass distribution

dG

dAs
5

~m8p!As

3~4m8p!3 (
pol

U~h•h8!2
~h•p8!~h8•p!

p•p8
U2

3~SW1DW!, ~3!

wherep stands for the three-momentum (p5upW u) and

SW5ua0~s!u2S 12
4mp

2

s D 1/2

, ~4!

DW5

U a2~s!

m822m2U2

180 S 12
4mp

2

s D 5/2

3$@s2~m821m2!#224m82m2%2, ~5!

with

2m8p5@~s2m822m2!224m82m2#1/2, ~6!
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Uh•h82
~h•p8!~h8•p!

p•p8
U2

521
4m2m82

~m21m822s!2
.

~7!

We have now a general expression describing the de
V8→Vpp, which involves two invariant amplitudes, ass
ciated to theS and D wave, respectively. Given thatAs
<0.9 GeV, we assume that theS wave is composed of the
f 0(600) and a nonresonant background. This is an appr
mation since other resonances could contribute to the am
tude in the kinematical region considered. However, it
reasonable to expect that the contribution of thef 0(980)
(G f 0(980)'100 MeV) and higher states decaying in tw

pions behave softly in the neighborhood of thef 0(600), even
if the latter is a broad resonance. Crossed channel contr
tions are treated in a similar way, i.e., considered as
functions of the di-pion invariant mass. Therefore we para
etrize the form factor associated to theSwave in the follow-
ing way:

a0
( i )5S aim0

2

D~s!
1

bi

12
cis

m0
2
D . ~8!

m0 is introduced for dimensional reasons and is fixed
m050.5 GeV. ForD(s) we used two different expression

D~s!5s2m21P~s!, ~9a!

D~s!5s2mp
21 impGp , ~9b!

where P(s) stands for thef 0(600) self-energy which in-
volves a loop of kaons and pions. Note that Eq.~9b! defines
the massmp and widthGp of the resonance in terms of th
real and imaginary part of the pole of theS matrix. If a pole
exists, it should be independent of the process where
observed. However, neither the residue nor the backgro
have to be the same for different processes. For this rea
we include the indexi which is associated to the physic
decay under consideration. In the kinematical region of
terest theD channel is nonresonant, thus we can approxim
it by a soft background:

a2
( i )5S f i

12
gis

m0
2
D . ~10!

It should be clear that our approach is a phenomenolo
cal one, and that we have not attempted to explicitly inc
porate the scale anomaly. In fact, it can be argued that su
contribution is included within the background. Before tur
ing to the fit, a few words regarding the pole parametrizat
are in order. Different parametrizations can be used to fit
data, however, the parameters that have physical relev
are the mass and width of the resonance, which are ident
with the real and imaginary part pole position. One can u
for example, ans dependent width, or include theoretic
3-4
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expression for the full self-energy, however, at the end
parameters resulting from the fit have to be used to obtain
pole ~see, for example, Ref.@37#!. One expects that the re
sults thus obtained coincide, independently of the param
zation used~an example is worked in detail in Ref.@38#!.

For completeness, we include thes distribution predicted
by the scale anomaly; further details can be found in
original literature@30,31#. The decay rate for the decayV8
→Vpp, with V8 andV vector mesons, is given by

ds

dAs
5

As24m2
p

4mV8
2 p3f p

4
uqW uS g̃11

g̃2

6
D 2H Fs2 c̃1(s1uqW u2)

3S 11
2mp

2

s
D 1 c̃2mp

2 G 2

1
1

5
c̃1

2uqW u4S 12
4mp

2

s
D 2J ,

~11!

with

c̃152
2g̃2

6g̃11g̃2

, c̃252
4~3g̃11g̃223g̃3!

6g̃11g̃2

and

uqW u5
1

2mV8

$@mV8
2

2~As2mV
2 !#@mV8

2
2~As1mV

2 !#%1/2.

III. THE FIT

We consider the following decays:Y(3S)→Y(1S)
1pp @23#, Y(3S)→Y(2S)1pp @23#, Y(2S)→Y(1S)
1pp @23,35#, c(2S)→J/c1pp @27#, resulting in a total of
165 points. All the data points for the different decays but
last one have been obtained from plots since no listings
the data are available. It is important to mention that pre
ous fits@26# of thec(2S)→J/c1pp included only a subse
of the experimental data.

Following the analysis in Refs.@27,35# we first attempted
a fit of the 165 data points in terms of the scale anomaly@see
Eq. ~11!# @30,31#. The parameters of the fit areg̃1 ,g̃2 ,g̃3 ~or
equivalentlyc̃1 ,c̃2, andc̃356g̃11g̃2) for each process plu
normalization factors since some data are reported as num
of events, leading to a total of 15 parameters. The fit p
duces axd.o. f .

2 .2. This is not an unexpected result, the a
plitude associated with the scale anomaly is derived un
the assumption that the pions are soft, and this is not the
for all the data under consideration. In fact, according to R
@26# and previous analysis@1#, the f 0(600) is expected to
contribute to these processes. This is the motivation to t
fit in terms of the pole approach, as discussed in the prev
section.

The fit using the pole approach is based on Eqs.~3!–~5!,
and~8!–~10!. With the current data, the fit can be done w
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Eq. ~9b!: D(s)5s2mp
21 impGp . We need more precise dat

to use Eq. ~9a! becauseP(s) is described in terms o
m,gf pp , andgf kk with too many parameters. For this reas
our analysis is restricted toD(s) given by Eq.~9b! where the
mass (mp) and width (Gp) are obtained directly from the fit

The fit involves 33 parameters. We consider four p
cesses@ i 51 –4 in Eqs.~8! and ~10!# and for each of these
we require seven parameters (b and f which are complex,
anda,c,g). Three normalization factors are also paramet
of the fit—because some of the reported data refer to num
of events, not to a differential decay rate—and finally t
mass and width of the resonance. The fit leads to a p
located atmp5528632 MeV and Gp5413645 MeV to-
gether with the parameters reported in Table I, and axd.o. f .

2

51.12. The result of the joint fit are shown as the solid lin
in Fig. 1. We do not report the result of the fit for theSwave
alone, however, we should mention that includingD wave
effects improves the totalx2 but the xd.o. f .

2 remains un-
changed. Note in this respect that the fit parameters are
tained from the di-pion invariant mass spectrum, the angu
distributions are not involved. Once the fit parameters
fixed, numerical integration over the di-pion invariant ma
is performed and we obtain—up to normalization again—
following angular distributions~in GeV units! and the curves
shown in Fig. 2:

TABLE I. Parameters resulting from the fit. The normalizatio
factors refer to: Na data from Ref. @35#, N2 to the Y(3S)
→Y(1S)1p0p0, andN3 to Y(3S)→Y(2S)1p0p0. The param-
eters are defined by Eqs.~8! and ~10!. Processes are labeled 1
Y(2S)→Y(1S)pp; 2: Y(3S)→Y(1S)pp; 3: Y(3S)
→Y(2S)pp; and 4:C(2S)→J/Cpp.

Na 8.431023

N2 0.36
N3 0.62
a1 8.23103

b1 5.331031 i5.13103

c1 20.14
f 1 21.631031 i3.83103

g1 0.4
a2 7.63102

b2 21.131031 i8.43102

c2 5.431022

f 2 2.31 i2.8
g2 0.33
a3 21.23105

b3 27.831042 i1.03105

c3 21.1
f 3 24.831032 i9.03105

g3 25.03104

a4 4.83104

b4 3.231041 i3.73104

c4 20.48
f 4 3.231042 i3.23104

g4 24.931022
3-5
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FIG. 2. Angular distribution as obtained from Eqs.~12!–~14! and compared to data from Refs.@23,27,35#. Open circles and solid
triangles refer to data obtained from exclusive and inclusive processes, respectively.
ugh
-
the

e to
on-
and
all
Y~2S!→Y~1S!pp @35#:

dG

d~cosu!
50.07@0.0674~3 cos2u21!211.09#,

~12!

Y~3S!→Y~1S!pp @23#:

dG

d~cosu!
52.2@0.0009~3 cos2u21!210.511#,

~13!
07403
C~2S!→J/Cpp @27#:

dG

d~cosu!
56.5@5.49~3 cos2u21!21359#. ~14!

Besides the pole position and the quality measure thro
the xd.o. f .

2 , it is instructive to analyze the different contribu
tions to the decay rate. These are shown in Fig. 3 where
dots corresponds to the pole contribution, the dashed lin
the background, and resulting fit is represented by the c
tinuous line. From these plots one can see that the pole
background contributions must interfere destructively in
cases, except for theY(3S)→Y(1S) transition in which the
3-6



mong

pp INVARIANT MASS SPECTRUM IN V8→Vpp AND . . . PHYSICAL REVIEW D 69, 074033 ~2004!
FIG. 3. The curve resulting from the fit to the data~solid line!, and for comparison the pole~dotted line! and background~dashed line!
contributions. Note that for theY(3S)→Y(2S)1pp the fit curve is close to the axes, which implies a strong destructive interference a
the pole and the background contributions.
on

65

be

rip-

to
ne.
the

ses

ed

fi

kinematical region includes the pole position and both, c
structive ~below the pole mass! and destructive~above the
pole! interferences, leading thus to the structure around
MeV. In Table II we quote the contributions to thex2 from

TABLE II. xd.o. f .
2 for each separate process as obtained from

to the di-pion invariant mass distribution.

Process Ndata xd.o. f .
2

Y(2s)→Y(1s)pp 48 0.74
Y(3s)→Y(1s)pp 40 1.3
Y(3s)→Y(2s)pp 32 1.1
c(2s)→J/cpp 45 1.5
07403
-

0

the different processes. Of course anomaly effects can
incorporated in the background appearing in Eq.~8!.

IV. SUMMARY

In this paper we consider the phenomenological desc
tion of the following decays:Y(3S)→Y(1S)1p1p,
Y(3S)→Y(2S)1p1p, Y(2S)→Y(1S)1p1p, c(2S)
→J/c1p1p. As far as we can see, it is not possible
obtain a good quality fit in terms of the scale anomaly alo
Using general arguments, we derived an expression for
invariant amplitude describing flavor conserving proces
of the typeV8→V1p1p, including bothS and D waves,
which involves two invariant amplitudes. We parametriz

t
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the S wave form factor with a pole plus a soft backgrou
and theD wave form factor by pure soft background. Fittin
the data yields a pole inmp5528632 MeV andGp5413
645 MeV with xd.o. f .

2 51.12. We remark that a strong inte
ference among the pole and the background is required t
the data. Thus our analysis seems to indicate that physic
Swave pion-pion interaction below 800 MeV is governed
a subtle interplay betweenf 0(600) meson contributions an
a big background, difficult to understand in terms of conve
tional physics and which could be associated to the s
anomaly. In fact, one expects the dominant contribution
arise from the pole, while a background as important as
pole ~as in the present case! can be taken as an indication o
a nonperturbative phenomenon, like the scale anomaly.
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APPENDIX

In this appendix we present details of the derivation of
M2 amplitude. For theD wave contribution we write

M25AmnPmnrsBrs. ~A1!

Using Lorentz covariance and imposing the conditio
p8•h850, p•h50 we find the general structure forAmn ,
and through Eq.~A1! the di-pion D wave amplitude~note
that QmPmn5QnPmn50, thereforep8mPmn5pmPmn):

M25FbS h8m2
p8m

p•p8
~h8•p!D hn

1cS h8m2p8m
~h8•p!

p•p8
D ~h•p8!p8n

1
a2

m822m2 S ~h•h8!2
~h•p8!~h8•p!

p•p8
D p8mp8nGPmn ,

~A2!
A.

07403
fit
in

-
le
o
e

k

e

s

where we introduced them822m2 factor to work with a
dimensionlessa2 . Amn in Eq. ~A1! describes theV8(p8)
→V(p)1D(Q), whereD stands for a spin-2 mesonlike ob
ject and is given by

Amn5bS h8m2
h8•p

p8•p
p8mD hn1cS h8m2p8m

~h8•p!

p•p8
D

3~h•p8!p8n1dS h•h82
~h•p8!~h8•p!

p•p8
D p8mp8n.

~A3!

In Eq. ~A1! Brs describes theD→pp amplitude andPmnrs

is the spin two projector:

Pmnrs[ (
l51

5

hmn~l!hrs~l!. ~A4!

The polarization tensorhmn has the following properties:

hmn~l!5hnm~l!, Qmhmn~l!5gmnhmn~l!50. ~A5!

Using these relations together with the projector property
Pmnrs one finds

Pmnrs[
1

2
PmrPns1

1

2
PmsPnr2

1

3
PmnPrs , ~A6!

with

Pmn5gmn2
QmQn

Q2
. ~A7!

On the other hand, by Lorentz covarianceBrs}qrqs , and
for convenience we introduced

Pmn[PmnrsBrs5qmqn2
1

3
Pmnq2. ~A8!
od-
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