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I. INTRODUCTION

The annihilation of a (NN̄) system provides a useful tool
to study the production of new mesons, in addition to the

ordinary q q̄-like ones which find a natural location in the
SU~3! nonets. In fact, it helps us to understand whether new
objects, which are unlikely to be classified as ordinary me-
sons due both to their quantum numbers and to the lack of
available slots in the nonets, are due to effects related to

(NN̄) dynamics or are items of a new kind of matter, com-
posed by gluons only~the glueballs! or by mixings between

quarks and gluons. The existence of such non-q q̄ mesons is
predicted by QCD, which up to now is the most reliable
theory for the description of strong interaction phenomena,
but still has to be fully proved on experimental grounds.

A possible candidate for a glueball state is a relatively
‘‘new’’ resonant structure emerging at about 1500 MeV in
the (p1p2) invariant mass spectra, observed in the final

states ofNN̄ annihilation reactions.
After the initial observation of a state at about 1500 MeV

in annihilation processes in liquid hydrogen and deuterium
bubble chambers@1#, its first sound spin-parity assignment
was given by the Asterix Collaboration by means of a com-
parative study of thep̄p→p1p2p0 annihilation reaction at
rest, in two separate samples, experimentally selected and
characterized by a different content ofP-wave initial states
@2#. Its observation, mainly in theP-wave enriched sample,
and a complete spin-parity analysis by means of Breit-
Wigner parametrization for resonances, led them to assert its
tensorial (211) nature. The mass and width were found to
be 1565620 MeV and 170640 MeV, respectively; this state
is reported in the last Particle Data Group~PDG! issue@3# as
f 2(1565).

The study of thep̄p→p1p2p0 channel is rather diffi-
cult; complications arise from the double isospin choice for
thep p̄ state (I 50 or I 51) and from the presence of several
intermediate states, such as ther ’s triplet, which interfere in
the pp mass region around 1500 MeV. The Asterix and the
OBELIX experiments could overcome these complications
by exploiting different techniques allowing a reliable selec-
tion of the initial state~i.e., the simultaneous detection of
L-X rays @2# and the use of targets in different pressure
conditions @4#!. On the other hand, when studying the
p p̄→3p0 annihilation channel, one has to deal with combi-
natorial effects, but in this case the isospin is fixed~to 1!, so
that the total number of initial states is reduced byI andJPC

conservation laws. The Crystal Barrel Collaboration exten-
sively studied this channel and published several papers
about the properties of the state at about 1500 MeV, each
time with increased statistics and with improved analysis
methods@5–9#: The first paper asserted the presence of a
tensorial resonance, atm51515 MeV, which could really
be identified with the 211 state found by Asterix@5#. Later
on the need for a scalar signal was put forward@6,10#. A
scalar component was then added to a tensorial one, of re-
duced strength, to obtain good fits@7#; this scalar state is now
classified asf 0(1500) @3#. These results were confirmed by
an updated study with high statistics~712 000 events! @8#.
The new study was performed by applying theK-matrix

analysis technique@11#, which assures unitarity even in the
presence of several overlapping states with the same quan-
tum numbers. It led to the conclusion that, in addition to the
narrow f 0(975) and a broadf 0(1300) backgroundlike signal
reported now by PDG@3# as f 0(1370), a third scalar reso-
nance of mass (1500615) MeV and widthG5(120625)
MeV is actually needed, as well as a secondD-wave contri-
bution @in addition to f 2(1270)#, at about 1520 MeV. The
fractional contribution of these two states to the 3p0 annihi-
lation channel was found to be 12% for thef 0(1500) and
17% for thef 2(1520). These results were recently confirmed
by a coupled-channel analysis@9# on p̄p→3p0,
p̄p→2hp0, and p̄p→2p0h data samples, and the mass for
the tensorial signal was suggested to be about 1552 MeV.

A number of results by OBELIX concerning the proper-
ties of the structures at about 1500 MeV have been published
@12–14#. They show that a single tensorial signal is by no
means enough to give a good description of the structure at
about 1500 MeV. An attempt to introduce a scalar contribu-
tion was quite successful, and it was shown that it could be
dominant especially below 1550 MeV. On the contrary, for
higher masses a contribution from a tensorial state seemed to
be required by the fit.

In this paper we report the results of the study of the
f 0(1500)/f 2(1565) resonances in the in-flight annihilation
reaction n̄ p→2p1p2, taking into account a possible de-
pendence on then̄ momentum as well.

II. n̄p˜p1p1p2 REACTION

A. Experimental environment

Concerning the selection ofI 5 1 initial states, the same
properties of thep p̄→3p0 annihilation channel are shared
by other reactions, such asp̄d→2p2p1ps and
n̄ p→2p1p2. While the first was initially studied in bubble
chamber@1,15#, the second one could never be investigated
due to the lack ofn̄ beams. Only the OBELIX experiment
could study such annihilations thanks to a unique facility
which allowed the production of antineutrons by means of a
p̄p→n n̄ charge exchange reaction@16#.

1. Experimental apparatus and the production of the n¯beam

Only a few hints will be given here about the experimen-
tal setup and its main performances; a more detailed descrip-
tion may be found, for example, in Ref.@17#.

OBELIX is a magnetic spectrometer which operated at
the CERN LEAR machine until its closure. It was designed
in order to study low energy antiprotons and antineutrons
annihilations on nucleons and nuclei, with the main purpose
of investigating nuclear dynamics effects and meson spec-
troscopy with high statistics. The apparatus exhibits a cylin-
drical symmetry and its central detectors operate in a 0.5 T
magnetic field provided by the Open Axial Field magnet.
Moving radially from the axis, coincident with thep̄ /n̄ beam
line, it is composed of the following: a cylindrical target,
filled with different gases or liquids according to the mea-
surement to be performed; a spiral projection chamber as
vertex detector; two cylindrical layers of plastic scintillators,
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which constitute the time-of-flight~TOF! system and which
sandwich the tracking device, a Jet Drift Chamber. The time-
of-flight system provides in real time (;200 ns! information
about the multiplicity of the annihilation event and its topol-
ogy and delivers a fast signal on which the first level trigger
of the apparatus is based@18#. It allows charged particle (K,
p, p! identification, at least up to 600 MeV/c momenta, and
moreover it is essential for the evaluation of then̄ momen-
tum; its overall resolution is about 1 ns full width at half
maximum ~FWHM!. The tracking device is also used for
particle identification bydE/dx measurements. Its spatial
resolution is aboutsrf5160 mm in the (rf) plane and
sz51.2 cm along the wires;dE/dx resolution is about
sE /E;12% and allows one to discriminate pions from ka-
ons up to 600 MeV/c, and to identify protons up to
1 GeV/c. Its momentum resolution is ;3.2% at
930 MeV/c. Finally, four supermodules of a High Angular
Resolution Gamma Detector enclose the central detector.

The apparatus is endowed with a facility, unique in the
world, for the production of an antineutron beam. The an-
tineutron production occurs in a LH2 cylindrical target
placed along thep̄-beam axis in the upstream hollow pole of
the magnet, at about 2 m from the center of the apparatus; its
length depends on the momentum of the incoming antipro-
tons @19#.

The produced antineutrons are collimated by a suitable
lead collimator system and then annihilate in the reaction
target placed at the center of the apparatus~instead of the
vertex detector!; depending on thep̄ beam momentum and
on the collimator shape, the number of producedn̄ ’s lies in
the range 30–50/106 p̄ , and out of these about 20% interact
in flight in the reaction target. The features of then̄ beam are
continuously kept under control by a suitable monitor placed
downstream the spectrometer.

The measurement of eachn̄ momentum is performed by
means of the time-of-flight technique, measuring the time
between the arrival of an antiproton and the impact time of
the fastest of the annihilation products on the inner scintilla-
tor barrel system. This measurement is affected by a total
error less than 5%@19#. The n̄ ’s are produced with a con-
tinuous momentum distribution ranging from;50 MeV/c
( n̄ from p̄ with 98.6 MeV/c, the CEX threshold momen-
tum! up to a maximum depending on thep̄ momentum, and
corresponding in general ton̄ production near the entrance
window of the target.

The full description of this facility and its performances
may be found in Ref.@19#.

2. Meson spectroscopy with n¯

Even if the globally available statistics is lower than what
could be obtained in thep̄d reaction, and the experimental
realization of then̄ beam a rather difficult challenge, then̄ p
annihilation has the advantage that the final states are com-
pletely unaffected by the rescattering problems which, on the
contrary, spoil the observations ofp̄n ones. As will be
shown later,n̄ p→2p1p2 events can be selected by means
of a 4C kinematic fit which rejects most of the background
contribution. Moreover, they do not suffer combinatorial ef-
fects as strong as those emerging, for example, in the 3p0

channel.
Since the antineutrons annihilate in flight, the available

energy for the annihilation reaction changes event by event.
This lets studying various annihilation effects, such as the
production rates of initial partial waves and the branching
fractions of intermediate states, as a function ofn̄ momen-
tum. However, care must be taken when dealing with ampli-
tudes as well as with normalizations, since both of them vary
event by event as a function of the available energy. More-
over, the amplitude should take into account that in in-flight
annihilation it is necessary to sum incoherently over polar-
izations@20,21#.

B. Data reduction criteria

With the n̄ facility a total of about 213106 annihilations
in a liquid hydrogen target have been collected, in different
LEAR beam conditions (pp̄.305 MeV/c in 1991–1992,
pp̄.412 MeV/c in 1993–1994–1995, entailing different
maxima for n̄ momentum!. In Table I the total available
statistics for three-prong events is reported, selected accord-
ing to four pn̄ intervals.

The analysis has been performed independently on all of
the reportedpn̄ different ranges. Each sample had to be
matched with a dedicated Monte Carlo calculation, whose
event content is reported in Table I as well. The Monte
Carlo–generated events have been reduced applying the
same selection criteria as for the experimental data; it was
chosen not to mix more than two samples belonging to dif-
ferent data taking periods, for consistency reasons.

Useful data are selected applying powerful quality cuts
which drastically reduce the total background. All events
have been collected by applying a loose multiplicity trigger
~by means of OBELIX time-of-flight system: the tighter re-
quirement was of at least three and two hits, respectively, on
the inner and outer detectors!; the off-line analysis discarded
events either not fully reconstructed in the OBELIX tracking

TABLE I. Total three-prong statistics under study: real data and Monte Carlo–generated events. In the
text we refer, for simplicity of notation, to each of the data samples by the numbers 1, 2, 3, and 4 for the
global one.

pn̄ range Experimental events Monte Carlo events

1 ;50<pn̄<200 MeV/c 5468 15000
2 200,pn̄<300 MeV/c 16666 74000
3 300,pn̄<405 MeV/c 18347 70000
4 global:;50<pn̄<405 MeV/c 35118 90000
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device and not showing a common vertex or with a wrong
total charge and multiplicity, as well as annihilations occur-
ring outside the reaction target or on its mylar walls. Energy-
momentum conservation cuts were employed so as to elimi-
nate possible undetected neutral particles; the total energy
was required to be larger than 1.8 GeV and the total c.m.
momentum less than 100 MeV/c. All surviving events were
then submitted to a 4C kinematic fit to check the
n̄ p→2p1p2hypothesis, and out of it only those with a con-

fidence level larger than 5% have been selected; a further
rejection was applied to events whose confidence level, for
the 1C fit to the kinematic hypothesisn̄ p→2p1p2p0,
turned out to be larger than 5% too. At the end of data
selection the background contribution was reduced to 0.4%
of the globally available statistics. In Fig. 1 the missing mass
spectrum for the events under examination is reported; the
black area corresponds to the events selected applying the
above criteria.

In Fig. 2 symmetrized Dalitz plots@m2(p1p2) vs
m2(p1p2)] for each of the four examined samples are
shown. A common feature is evident, i.e., the presence of
three bands corresponding to the production of the neutralr
@m2(p1p2)50.5 GeV2], of the f 2~1270! @m2~p1p2!51.6
GeV2], and a third band at aboutm2~p1p2!52.4 GeV2,
which can be attributed to the production off 0~1500!/
f 2(1565). These states can be singled out as well by looking
at the p1p2 invariant mass projections, reported in Figs.
3~a!–3~d!.

Concerning thep1p1 invariant mass spectrum, no par-
ticular dynamical effect should be observed, but kinematic
reflections only. As reported in Figs. 3~e!–3~h!, a significant
change in thep1p1 invariant mass spectra shape is evident
as n̄ momentum increases, with an enhancement at about 1
GeV; this is probably to be understood as a strong kinematic
reflection of f 2(1270).

III. SPIN-PARITY ANALYSIS TECHNIQUES

A. Introduction

The investigation of the nature off 0(1500)/f 2(1565) had
been performed by means of a spin-parity analysis; the prop-
erties of this structure and the production of other resonances
as well, such asr0(770) andf 2(1270), were studied.

FIG. 1. Missing mass spectrum forn̄ p→2p1p2 events with
topological selection only~white area! and for events selected by
applying energy-momentum conservation cuts and 4C kinematic fit
~black area!.

FIG. 2. Symmetrized Dalitz
plots: invariant mass squared
(p1,2

1 p2) vs (p2,1
1 p2). ~a!

sample 1, 50<pn̄<200 MeV/c;
~b! sample 2, 200,pn̄

<300 MeV/c; ~c! sample 3, 300
,pn̄<405 MeV/c; ~d! sample 4,
50<pn̄<405 MeV/c.
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The contribution of a scalarpp S-wave interaction was
inserted in the fit as well. Phase shift analyses showed that a
large part of this contribution comes from the narrow
f 0(980) resonance, coupled to bothpp andKK̄, and emerg-
ing over a large background which extends from 400 MeV
up to about 1.2 GeV. The representation of this contribution
is rather problematic and several ways to parametrize it have
been proposed in the literature. Some of them are derived
from pp scattering processes in peripheral interactions@22#,
others from central collisions as well as from other pro-
cesses. The widely used Au-Morgan-Pennington~AMP! pa-
rametrization@23# is, for instance, based on a low energy
diffusion data compendium.

A globally unitary treatment of the scalar sector of the
amplitude is provided by theK-matrix formalism, used, for
example, in Refs.@8,9#. In Ref. @8# the scalarK matrix in-
cludes three poles, corresponding tof 0(980), a broad state
named asf 0(1300), andf 0(1500). In Ref.@9# a fourth pole
was included, corresponding to a wide background reso-
nance@named by the authors asf 0(1000) and classified in
last PDG issue asf 0(400–1200!#. Lately, a new method for
the representation of the scalar amplitude was proposed by
Bugg et al. @24,25#. In these papers the regions below and
above 1.2 GeV are treated separately: the first one by means
of a ‘‘partial’’ K matrix expressing the interference between
f 0(980) and the slowly varying background@the
f 0(400–1200!#, the second one by means of two relativistic
Breit-Wigner functions for the description of the resonant
statesf 0(1370) andf 0(1500).

In the present analysis several tests have been made to
single out the best parametrization for the OBELIX data; we
will recall later the results of this investigation.

Concerning the vectorial sector, the contribution of a pos-
sible radial excitation of ther(770) ~as ar8 with unknown
mass and width! was inserted in the fits as well. In a recent
paper@26# the Crystal Barrel Collaboration suggests that at
least two more vector mesons are needed to get a good fit of
the channelp̄d→p22p0ps . The first of them has a mass of
1411614 MeV and a width of 343 MeV, while the second
one peaks at about 1700 MeV. Moreover, a parallel analysis
of the channelp̄p→p1p2p0 of OBELIX data ~annihila-
tions at rest on hydrogen targets in various density condi-
tions! @4# requires mandatorily at least the first radial excita-
tion at about 1400 MeV. In the present analysis a satisfactory
fit is obtained with the lowest massr8 only.

B. Global amplitude

The present analysis differs in some aspects from those
already described in the literature. First of alln̄ p annihila-
tion occurs in flight, and so the square modulus of the total
transition amplitude~the ‘‘intensity’’! is a sum over the he-
licity components of the initial states, namely,

Ttot5 (
l1 ,l2

U(
J

Hl1 ,l2

J f l
JU2

, ~3.1!

wherel1 andl2 are the helicities ofn̄ andp, l5l12l2, J

FIG. 3. Dalitz plot projections:
Thick black points with errors:
(p1p2) invariant mass spectra
for ~a! sample 1, 50<pn̄

<200 MeV/c; ~b! sample 2, 200
,pn̄<300 MeV/c; ~c! sample 3,
300,pn̄<405 MeV/c; ~d!
sample 4, 50<pn̄<405 MeV/c.
Grey points with errors: (p1p1)
invariant mass spectra for~e!
sample 1, 50<pn̄<200 MeV/c;
~f! sample 2, 200,pn̄

<300 MeV/c; ~g! sample 3, 300
,pn̄<405 MeV/c; ~h! sample 4,
50<pn̄<405 MeV/c.
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is the total angular momentum,Hl1 ,l2

J are the helicity cou-

plings, andf l
J is the partial wave amplitude projected on the

helicity basis.
Eachf l

J is written as a superposition of partial amplitudes,
each related to two-body isobar statei :

f J5(
i

gi
JAi

J ~3.2!

~we will drop in the following thel index referring to a
definite helicity projection!. Thegi ’s are complex parameters
to be determined from a fit of the probability density, nor-
malized to unity, and representing the production strengths
of the i two-body state—they can almost be interpreted as
branching fractions, in spite of interference effects which
will be shown later to be rather weak. TheAi

J partial wave
amplitudes for thei th state contains the true dynamics of the
problem; they are written as

Ai
J5(

r
Zir

JPC
~p,q!Fir ~q!, ~3.3!

whereZJPC
are known as ‘‘Zemach functions’’@27# and ex-

press the spin-angular dependence, whileF represents the
energy-dependent part, given by proper Breit-Wigner func-
tions in the case of resonances or by different parametriza-
tions for nonresonant interactions, such as thepp S wave.
The indexr runs over all the available combinations of two
pions forming thei th isobar state. The Zemach covariant
tensors@28# are written following the Rarita-Schwinger for-
mulation, by means of the four-momentum vectors of the
dipion (q) and of the recoiling pion (p) and depend on the
spin J of the resonance and on the relative angular momen-
tum between the resonance products. It was shown that the
covariant tensor formalism of Ref.@28# is equivalent to the
helicity formalism @20,21# written in the covariant form of
Chung@29#.

Since the c.m. energy is not too large (,1.92 GeV for
pn̄<405 MeV/c), the partial wave amplitudeAi

J of Eq. ~3.3!
exhibits in general a centrifugal barrier factor dependence:

Ai
J;KL8pi

Lqi
l , ~3.4!

whereL8 is the orbital momentum of the initial state andK

the nucleon momentum in then̄ p c.m. system;q is as usual
the breakup momentum of a spinl dipion andp the momen-
tum of the recoiling pion relative to the dipion, in the c.m.
frame of the reaction; finallyL is the relative angular mo-
mentum between them. The factorpLql expresses the cen-
trifugal barrier factor for primary annihilation into a pion and
a resonance and for the subsequent decay of the latter; it is
properly taken into account by using the relativistic Zemach
tensors. TheK dependence may be absorbed into a ‘‘decay
form factor’’ D, which enters the definition of the dynamical
part of the amplitudeFi . In case of resonances it is written
as

Fir 5Dir
J,L,l Pir

J,L,l . ~3.5!

Here Pi
J,L,l is the relativistic Breit-Wigner propagator, used

for the description of resonant dipions with nominal mass
m0, width G0, and decay momentumq0:

PJ,L,l~m!5
m0G0

m0
22m22 im0G~m!

, ~3.6!

with

G~m!5G0

m0

m

q

q0

Wl
2~q!

Wl
2~q0!

; ~3.7!

the quantities denoted byW are known as Blatt-Weisskopf
@30# damping factors:

W0~q!51, ~3.8!

W1~q!5~qr!S 2

11~qr! D
1/2

, ~3.9!

W2~q!5~qr!2S 13

913~qr!21~qr!4D 1/2

~3.10!

(r has been chosen to be 1 fm, a typical value!. These quan-
tities appear in the definition of the decay form factorsD as
well:

DJ,L,l5KJWJ8~K !WL8~p!Wl8~q!. ~3.11!

When using Zemach’s methodWl8(q)5Wl(q)(qr)2 l , while

in the helicity formalismWl8(q)5Wl(q). For low n̄ mo-
menta the dependence onK is rather flat, and it can be ab-
sorbed in the fitting parameters.

The use of an interfering Breit-Wigner formalism had
been preferred to aK-matrix one usually adopted in the
analyses of annihilations at rest from protonium@8,9#. In
fact, the in-flight annihilation is not suitably treated with the
K-matrix formalism, since all free parameters~both cou-
plings and partial widths! depend not only on the initial par-
tial wave, but also on the available energy. So the total num-
ber of free parameters grows higher, and the convergence of
the fits is less easily reached. On the contrary the Breit-
Wigner formalism allows a quicker convergence of minimi-
zation procedures and the results obtained are simpler to be
interpreted and more reliable, due to the reduced number of
the free parameters and to their more precise physical mean-
ing.

The conservation ofJ, P, G, andI ~which is fixed! quan-
tum numbers imposes severe restrictions on the number of
possible initial partial waves. Because of the low available
energy,S- and P-wave initial states only will contribute to
the annihilation; the selection rules allow1S0(JP

502), 3P1(JP511), and 3P2(JP521) states. A pos-
sible contribution ofD waves was shown in a parallel analy-
sis ~on five prongs! @31# to have effects of only a few per-
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cent, and so it was not inserted in the fit. A similar annihila-
tion frequency fromD waves was found in the analysis of
the reactionn̄ p→p1p0 @32#.

The in-flight annihilation mechanism, provided one
chooses correctly the working frame~the reaction rest frame

with z direction along then̄ momentum vector!, involves
only some of the initial partial waves available components;
using the shorthandS, V, and T notation to indicate1S0
~scalar!, 3P1 ~vector!, and 3P2 ~tensor! waves,Ttot may be
written as

Ttot5a2uSu21b2uT~0!u21c2$uV~11!u21uV~21!u2%1d2$uT~11!u21uT~21!u2%

12cdRe$@V~21!T* ~21!2V~11!T* ~11!#exp~ if!%, ~3.12!

with a5A2ReH11
S , b5A2ReH11

T , c5ReH21
V , d

5ReH21
T , andf5(argH21

V 2argH21
T ). Only orbital angu-

lar momenta up to 2 have been considered.
Additional details of the analysis procedure may be found

in @33#.

C. Treatment of pp S waves

As already stated in Sec. III A, for the parametrization of
the pp S wave in the mass region under 1.2 GeV, it is not
possible to use a simple propagator and decay factor, but it is
necessary to adopt a complex amplitude which could de-
scribe the two-body elastic scatteringpp→pp, as well as,
at least, the inelastic scatteringpp→KK̄, due to the opening
of KK̄ threshold.

Strictly speaking, none of thepp S waves available in
the literature really fits the production environment of the
n̄ p→2p1p2 annihilation. Therefore several tests have
been performed to check the consistency of various kinds of
parametrizations. The AMP parametrization@23#, the one
used by Gaspero in Ref.@34#, and that proposed by Bugg
et al. @24# and used in@25#, have been chosen to this end.
The parametrization by Gaspero@34# reproduces phenom-
enologically, by means of a polynomial interpolation, some
sets of phase shift data collected by various experiments. The
production fractions of initial partial waves and of resonant
intermediate states obtained both with Gaspero’s and with
AMP parametrization are, within errors, equivalent; full de-
tails of these results are reported in@33#.

The best results are anyway obtained in our analysis by
using the parametrization by Bugget al. @24#, described in
Sec. III A. In this case, the elements of the two-poleK ma-
trix used for the description of the ‘‘low mass’’ scalar sector,
which will be globally referred to ass in the following, are
weighted by means of complex production coefficients, di-
rectly taken from Ref.@24#. The energy-dependent part of the
scalar amplitude, to be directly inserted in Eq.~3.3!, is writ-
ten as

Fs5
~L11L2s!K̂111L3K̂12

12r1r2D̂2 i ~r1K̂111r2K̂22!
, ~3.13!

whereL i are the cited complex production parameters,r i are
usual elements of the two-body phase-space matrix;D̂ is the
K-matrix determinant, whileAs is, as usual, the c.m. avail-

able energy. Since in our analysis theL i production param-
eters are fixed, we are not able to separate the different con-
tributions of f 0(980) and off 0(400–1200! to the globals
state.

The two ‘‘low mass’’ scalar poles resemble in a way the
two low mass ones embedded in the AMP parametrization.
Above 1.2 GeV the AMP parametrization includes an addi-
tional S-matrix pole also, at about 1400 MeV. In the ap-
proach of Bugget al. @24# this contribution is inserted as an
interfering relativistic Breit-Wigner function, with mass and
width to be adjusted by the fit, and represents what is gener-
ally understood to be thef 0(1370) state, which several
analyses claim to be about 350 MeV broad@3#.

In the following we will describe the results obtained ap-
plying this parametrization to our data.

D. Fits quality estimators

Because of the event-by-event dependence on energy, the
correct function to be minimized is the negative logarithm of
the global likelihood probability density:

L5)
i 51

N
m i

E mdV

, ~3.14!

where m i is the event-by-event intensity, properly normal-
ized by means of a large number of pure phase-space Monte
Carlo events, andm is the total probability density evaluated
by using the Monte Carlo-generated events. In this way all
elementary amplitudes take quite naturally into account the
apparatus efficiency and acceptance.

With three charged pions the acceptance of the OBELIX
apparatus is nearly flat~within 3%!. In this case it is possible
to perform fits with reasonably small Monte Carlo samples
without losing statistical significance for the larger contribu-
tion by systematic errors. It was chosen to use Monte Carlo
samples about 3 times as wealthy as the corresponding ex-
perimental ones.

The quality of fits can be gathered by studying, in addi-
tion to the trend of the likelihood value, thex2 evaluated on
the theoretical symmetrized Dalitz plot, defined as@2#

xD
2 5(

i , j

cells
~ni j 2t i j !

2

sexpt
2 1s th

2
, ~3.15!

57 61STUDY OF THE f 0(1500)/f 2(1565) PRODUCTION . . .



whereni j and t i j (sexpt ands th) are the global contents~er-
rors! of the i j th cell of experimental and theoretical Dalitz
plots. In the evaluation of symmetrized Dalitz plotx2 the
errors on the cell contents are given bysexpt

2 5ni j /2 ~due to
the fact that each event has two entries:n is the effective
number of physical events belonging toi j th cell!. For the
theoretical plot, on the contrary, for each of the cells we have

s th
2 5 (

events

wi j
2 /25t i j

2 /2pi j , ~3.16!

wherewi j is the weight~squared amplitude! of each of the
phase space Monte Carlo events belonging to thei j th cell,
whose number per cell ispi j . t i j is now obtained by the
simple sum ofwi j weights for all of the Monte Carlo event
belonging to thei j th cell.

The theoretical Dalitz plot and the experimental one are
normalized to the same number of entries, and for thex2

evaluation only the cells with more than five events were
taken into account. Since the Monte Carlo data samples are
larger by a factor of at least 2 than the experimental ones,
each Monte Carlo–modeled spectrum is affected by a statis-
tical error which amounts to about the 60–70 % of that ac-
tually affecting the experimental data distributions.

E. Production fractions

The production rates of each initial partial wave are cal-
culated as

f JPC5

(
l

wJPC
l uHJPC

l u2

(
J

(
l

wJPC
l uHJPC

l u2

, ~3.17!

where the helicity amplitudesH are inferred from the fit@the
a, b, c, andd coefficients of Eq.~3.12!# and thewJPC

l ’s are
statistical spin weights of each amplitude, obtained by inte-
gration over the full available spectrum.

Each uHJPC
l u2 gives the probability of the occurrence of

the l component of a givenJPC initial state only, and this
has to be taken into account when constructing the total

probability density. The spin weights have the same meaning
of the partial wave amplitude in Eq.~3.12!, after integration
over the spectrum.

The contribution of the interference term, coming from
the combination of3P1 and 3P2 l561 components, is
always less than 3%; this can be inferred from Fig. 4, which
shows the contribution of each partial wave—and of the in-
terference term as well—to the total amplitude, for data in
the ;50–400 MeV/c full momentum range. In Fig. 4, the
lower line ~solid gray! corresponds to the interference con-
tribution.

In a similar way, the branching fractions for all isobars
have been evaluated as in@2#:

BFi5(
J

xi
2

(
l

xl
2

f JPC, ~3.18!

where thexi values, which express the production weights
for the i -type isobar and depend on theJPC quantum num-
bers of the state, are obtained from the minimization proce-
dure. Using Eq.~3.18! the interference effects between reso-
nances are, again, necessarily neglected; provided they are
not too heavy, the ‘‘branching fraction’’ values represent a
reliable suggestion of the strength of the production of a
single state.

IV. RESULTS FROM THE FITS

A. Strategy

The main difference from the previous analyses is thatf 0/
f 2 masses and widths are left free in the fits, and so for each
of them minimization errors can be quoted. On the contrary,
the r0 and f 2~1270! masses have been fixed to the values
quoted by PDG@3#; a fit on the shape onp1p2 invariant
mass spectrum with noninterfering Breit-Wigner functions
shows a quite good agreement of the OBELIX data to them.
The mass and width of the other unknown states, namely, the
f 0(1370) and ther8(1450), were searched for afterwards,
after having settled those of the structures in the 1500 MeV
region.

FIG. 4. Contribution of each partial wave to the global spectra~Monte Carlo events modeled by the fit,;50<pn̄<405 MeV/c sample!,
for ~a! the (p1p2) invariant mass distribution and~b! for the (p1p1) one. The partial spectra correspond, respectively, to total~solid
lines!, 3P1 contribution~dotted line!, 3P2 contribution~thick dashed line!, 1S0 contribution~dashed line!, interference contribution~solid
thin grey line!.
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Four independent analyses were carried over for data be-
longing to the cited samples. As a general result, the fits with
the double contribution by eitherf 0~1500! and f 2(1565) give
better results both forL values, and forx2 evaluated on
Dalitz plots; the fits with the scalar contribution only always
show a better likelihood value in comparison to a single
tensorial signal. This result is clearly shown in Fig. 5, where
for the values of lnL andxD

2 are separately reported for each
data sample under examination, with reference to fits per-
formed in the four different hypotheses~a! ~black triangles!
no resonance in the region at about 1500 MeV,~b! ~black
squares! tensorial signal only,~c! ~black circles! scalar signal
only, and~d! ~open circles! both scalar and tensorial signals.

All the results relative to the behavior in the 1500 MeV
region are independent of the method chosen to parametrize
pp S-wave contribution.

B. Final results

All the results which will be quoted here have been ob-
tained by convergent and stable fits. They all refer to a
‘‘minimum environment’’ which had been found in a thor-
ough independent way for each data sample.

Quoting as systematic error the maximum spread of the
masses and widths values obtained in the best fit solutions
and as statistical ones the maximum of the minimization er-
rors delivered byMINUIT @35# in all of the performed fits, the
average values~over the wholen̄ momentum spectrum! for

f 0 and f 2 masses and widths are

m„f 0~1500!…5152265stat625syst MeV,

G„f 0~1500!…510868stat632syst MeV ,

m„f 2~1565!…51575615stat610syst MeV,

G„f 2~1565!…5119618stat616syst MeV.

After having set these values it was checked whether the
insertion of new states not directly emerging from the Dalitz

TABLE II. Comparison between quality of fit estimators in dif-
ferent best fits performed on the sample with the greatest available
statistics ~35 118 events!, by means of scalar amplitude param-
etrized as in Ref.@24,25# @~1c! and following#, and in the case of
AMP @~1a!# @23# and Gaspero’s version@~1b!# @34#.

lnL xD
2

~1a! s AMP –7412 2098/1257
~1b! s Gaspero@34# – 7425 1906/1257
~1c! s @24,25# –7467 1939/1251
~2! s 1 f 0(1370) –7494 1826/1232
~3! s 1 f 0(1370)1r8(1450) –7741 1567/1239

FIG. 5. Trend of quality of fit
estimators (2 lnL and x2 calcu-
lated on the Dalitz plot!, for the
best fit obtained in all of the four
data samples under examination.
The markers correspond to the
different hypotheses:~1! black tri-
angle, no resonance in the 1500
MeV region; ~2! black squares,
tensorial signal only;~3! black
circle, scalar signal only;~4! open
circle, both scalar and tensorial
resonances. ThexD

2 for the less
wealthy data sample (;50<pn̄

<200 MeV/c) is not reported
since the available statistics is too
scarce to have enough populated
cells ~five events for a cell at
least! for a reliable calculation.
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plots, namely,f 0(1370) andr8(1450), could produce any
significant change in the quality of the fits. The effect of the
introduction of these two states may be better evaluated by
studying the trend of the quality estimators in the fits per-
formed on the most wealthy data sample. In Table II the
values of2 lnL and xD

2 obtained in the three different hy-
potheses:~1! s contribution only,~2! s and f 0(1370) con-
tributions, and~3! s, f 0(1370), andr8(1450) contribu-
tions are reported. Concerning the first hypothesis, lines~1a!,
~1b!, and~1c! report, respectively, the values of the estima-
tors obtained in a fit to the same data sample by using for the
s state the AMP parametrization, Gaspero’s one, and the one
suggested by Bugget al., for comparison purposes.

The greater flexibility of the amplitude suggested by Bugg
et al. immediately delivers better values for all of the esti-
mators even in the simpler hypothesis~1! @presence of scalar
interaction below 1.2 GeV only, withoutf 0(1370) contribu-
tion#; a greater improvement is gained with the introduction
of ther8 signal. The best fits occurs for the following values
for f 0(1370) andr8(1450) masses and widths:

m„f 0~1370!…51280655stat MeV,

G„f 0~1370!…5323613stat MeV,

m„r8~1450!…51348633stat MeV,

G„r8~1450!…5275610stat MeV,

where the errors are statistical only and express the maxi-
mum minimization error obtained in several fits.

The introduction of these states has no effect on the pro-
duction fractions of the states located in the 1500 MeV re-
gion; the superposition of thes state and of thef 0(1370)
contribution is about equivalent~within errors! to the global
pp S-wave contribution obtained by means of AMP param-
etrization. In spite of the differences in the parametrizations,
the mass and width values keep on being in good agreement
to the mean values reported above; this shows the stability of

FIG. 6. Results from fit: the
solid black line represents the fit,
and the points with errors are the
experimental data. On vertical
rows the plots refer to the differ-
ent data samples: type~A! ;50
<pn̄<200 MeV/c, type ~B! 200
,pn̄<300 MeV/c, type ~C! 300
,pn̄<405 MeV/c, and type~D!
50<pn̄<405 MeV/c. The fol-
lowing spectra are presented on
horizontal lines: type ~1!,
(p1p2) invariant mass; type~2!,
(p1p1) invariant mass; type~3!,
angleu between the recoilingp1

~in the dipion c.m.! and the dipion
line of flight in reaction rest
frame; type~4!, angle between the
two p1’s in the laboratory frame.

TABLE III. Initial partial waves fractions in percent for the different ranges ofn̄ momentum under
examination. The last row represents the values obtained for thex2 on Dalitz plots.

;50–200 MeV/c 200–300 MeV/c 300–405 MeV/c

1S0 26.060.363.2 24.960.163.2 22.460.162.1
3P1 55.760.664.4 49.360.262.8 44.860.263.2
3P2 15.8860.0864.49 23.360.162.5 31.460.162.3
Interference 2.5060.0660.05 2.4460.0361.71 1.4760.0260.90
xD

2 0.93 1.11 1.03
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the achieved solution and its independence of the way the
backgroundpp interaction is represented.

Concerning the other resonant state production fractions
obtained by means of AMP and/or Gaspero’s parametriza-
tions, they are somewhat different from those obtained with
the one of Bugget al.; this is seemingly due to the absence
of f 0(1370) contribution, which in both AMP and Gaspero’s
treatments was not inserted in order to avoid possible double
counting. This difference is evident especially in the produc-
tion of f 2(1270) mesons; moreover, the production rates are
altered by the presence of ar8 state. The effect of thisr8
signal is to lower thef 2(1270) production rate, since the two
states are overlapping. Full details of the results obtained by
using AMP and Gaspero’s parametrizations are reported in
Ref. @36#.

Some typical distributions, with the results of the fits ob-
tained using the parametrization of the Bugget al. superim-
posed, are shown in Fig. 6 for the four data samples under
examination.

In Table III the production fractions of each partial wave,
normalized to 100%, are reported, as a function of then̄
momentum. The first quoted errors are statistical and are
obtained by simple Gaussian propagation on the values de-
livered by MINUIT ; the second ones are systematic and take
into account the spread of the parameter values delivered in
several acceptable fits. Table IV reports the partial branching
fractions of each resonant state, evaluated by means of Eq.
~3.18!. All results are reported for the three data samples 1,
2, and 3.

From Tables III and IV the following general trends may
be inferred, as the incomingn̄ momentum increases: a de-
crease inS-wave production and a slight increase ofP wave
production, resulting from a steep increase of the3P2 com-
ponent as well as a softer decrease of3P1 one; concerning
the branching fractions a decreasing contribution of thepp
S wave below 1.2 GeV (s); an almost constant contribution
from f 0(1500); a strongly increasing production of
f 2(1270); an increasing production fraction off 2(1565); the
trends for the production of both vectorial mesons, namely,
r0(770) andr8, are somewhat similar, not showing a mono-
tonical trend but rather a maximum in the range 200–300
MeV/c; a somewhat decreasing production off 0(1370), al-
though affected by rather large errors; the production of the

scalar componentf 0(1500) is always dominant over
f 2(1565); the errors are still too large to assert any specific
trend, but the already mentioned increase off 2(1565) pro-
duction with the increase ofn̄ momentum.

V. CONCLUSIONS

The present analysis, performed on the total sample of
n̄ p→p1p1p2 annihilation data, collected by the OBELIX
experiment, led to obtain the masses and widths values for
both f 0(1500) andf 2(1565). These values agree well, within
errors, to what previously found by other experiments and
reported by PDG@3#. The f 0(1500) features are, in addition,
in full agreement to what is obtained by the OBELIX experi-
ment in a parallel analysis on thep̄p→p1p2p0 channel
@4#. In this channel, the interference mechanism between
chargedr ’s may be at the origin of the slight difference
concerning thef 2(1565) mass.

In conclusion, by exploiting a good deal of high quality
data, we confirm the presence of a scalar resonance in the
1500 MeV mass region, as well as a weaker tensorial struc-
ture, of similar mass and width. Their overall contribution
amounts to about 15% of the whole spectrum, a value in
good agreement with a preliminary evaluation, based on not
interfering Breit-Wigner integration and performed on a lim-
ited statistics set of data@16#.

The production fractions of both the states, as well as
their masses and widths, remain stable within statistical and
systematic errors even when the fits are performed with dif-
ferent starting conditions, and with different kinds of param-
etrizations of thepp nonresonatingS wave, in the region
below under 1.2 GeV.
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TABLE IV. Isobar branching fractions in percent for different ranges ofn̄ momentum.s parametrized
following Refs.@24,25#.

;50–200 MeV/c 200–300 MeV/c 300–405 MeV/c

s 28.960.1612.2 17.6060.0666.53 11.5460.04610.60
r0(770) 6.2460.0463.05 18.2160.0463.20 14.0560.0464.47
f 2(1270) 10.1260.0664.22 25.0660.05610.00 36.660.168.8
f 0(1370) 32.0860.1067.48 6.5560.02612.59 9.6060.03614.06
r8(1450) 9.0260.0661.8 15.7260.0463.72 10.5160.0365.62
f 0(1500) 10.1760.0661.59 10.2160.0361.31 9.6960.0361.88
f 2(1565) 3.4860.0361.29 6.6360.0262.94 7.9560.0361.01

57 65STUDY OF THE f 0(1500)/f 2(1565) PRODUCTION . . .



@1# S. Devonset al., Phys. Lett.47B, 271 ~1973!; P. Anninos
et al., Phys. Rev. Lett.20, 402 ~1968!.

@2# Asterix Collaboration, B. Mayet al., Z. Phys. C 46, 191
~1990!; 46, 203 ~1990!.

@3# Particle Data Group, R. M. Barnettet al., Phys. Rev. D54, 1
~1996!.

@4# OBELIX Collaboration, A. Bertinet al., Phys. Lett. B408,
476 ~1997!.

@5# Crystal Barrel Collaboration, E. Akeret al., Phys. Lett. B260,
249 ~1991!.

@6# Crystal Barrel Collaboration, V. V. Anisovichet al., Phys.
Lett. B 323, 233 ~1994!.

@7# Crystal Barrel Collaboration, C. Amsleret al., Phys. Lett. B
291, 347 ~1992!.

@8# Crystal Barrel Collaboration, C. Amsleret al., Phys. Lett. B
342, 433 ~1995!.

@9# Crystal Barrel Collaboration, C. Amsleret al., Phys. Lett. B
355, 425 ~1995!.

@10# V. V. Anisovich et al., Phys. Rev. D50, 1972~1994!.
@11# S. U. Chunget al., Ann. Phys.~Leipzig! 4, 404~1995!; I. J. R.

Aitchinson, Nucl. Phys.A189, 417 ~1972!.
@12# OBELIX Collaboration, A. Adamoet al., Nucl. Phys.A558,

13c ~1993!.
@13# OBELIX Collaboration, V. G. Ableevet al., in Proceedings

Third Biennal Conference on Low-Energy Antiproton Physics,
Bled, Slovenia, 1994, edited by G. Kernel, P. Krizan, and M.
Mikuz ~World Scientific, Singapore, 1995!, p. 75.

@14# OBELIX Collaboration, A. Bertinet al., Phys. At. Nucl.59,
1378 ~1996!.

@15# T. E. Kalogeropouloset al., Phys. Rev. D24, 1759~1981!.
@16# OBELIX Collaboration, A. Adamoet al., Phys. Lett. B287,

368 ~1992!.
@17# OBELIX Collaboration, A. Adamoet al., Sov. J. Nucl. Phys.

55, 1732~1992!.

@18# G. C. Bonazzolaet al., Nucl. Instrum. Methods Phys. Res. A
356, 270 ~1995!.

@19# M. Agnello et al., Nucl. Instrum. Methods Phys. Res. A399,
11 ~1997!.

@20# C. Amsler and J. Bizot, Comput. Phys. Commun.30, 21
~1983!.

@21# S.U. Chung, ‘‘Spin Formalisms,’’ CERN Yellow Report No.
CERN 71-8, 1971.

@22# B. Hyamset al., Nucl. Phys.B100, 205 ~1975!.
@23# K. L. Au, D. Morgan, and M. R. Pennington, Phys. Rev. D35,

1633 ~1987!.
@24# D. V. Bugg et al., Nucl. Phys.B471, 59 ~1996!.
@25# A. Abele et al., Nucl. Phys.A609, 562 ~1996!.
@26# Crystal Barrel Collaboration, A. Abeleet al., Phys. Lett. B

391, 191 ~1997!.
@27# C. Zemach, Phys. Rev.140, B97 ~1965!; 140, B109 ~1965!.
@28# V. Filippini, A. Fontana, and A. Rotondi, Phys. Rev. D51,

2247 ~1995!.
@29# S. U. Chung, Phys. Rev. D48, 1225~1993!.
@30# F. von Hippel and C. Quigg, Phys. Rev. D5, 624 ~1972!;

Crystal Barrel Collaboration, C. Amsleret al., Phys. Lett. B
311, 362 ~1993!.

@31# OBELIX Collaboration, V. G. Ableevet al., in Proceedings
HADRON 95 Conference, Manchester, England, 1995; edited
by M. C. Birse, G. D. Lafferty, and J. A. McGovern~unpub-
lished!, p. 337.

@32# B. Giacobbe, inLeap 96, Proceedings of the Conference, Din-
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