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[. INTRODUCTION two concentric cylindrical multiwire proportional chambers
allowed a fast decision on the charged particle multiplicity.
Proton-antiproton annihilation at rest in liquid hydrogen isThey were surrounded by a cylindrical jet drift chamber
an excellent environment for the study of scalar meson resqJDC), which was divided into 30 sectors, each containing 23
nances. The most sensitive channels consist of three neutréénse wires with a spatial resolution @& 125 um in (r¢)
pseudoscalar mesons. The Crystal Barrel Collaboration haghdo=7 mm for the z coordinate. The measured momentum
published th'e observation of.an isovector scalar resonanG@solution for a long track reaching the outer layers of the
a(1450) with mass anq Wldthnz_l450t 40 MeV and JDC was 2% at 200 Me\¢/and about 7% at 1 Ge¥/ From
'=270+40 MeV, respectivelf1]. This state was required e pyise heights on all wires along a track, information on
to describe the procegp— 7°n7. Recently, we have re- the dE/dx for particle identification was obtained. A barrel
ported itsm°7’' decay[2] with a strength close to SB)-  shaped electromagnetic calorimeter segmented into 1380
flavor expectations for @qg member of the scalar nonet. Csl(Tl) crystals, 16.1 radiation lengths deep, surrounded the

Information about &K decay mode is still missing. JDC. The crystals were read out with photodiodes. A de-
We have also published the observation of f§¢1500)  tailed description of the detector can be found in R&€).
resonance in itst®7° [3], »y [4], »7n' [5] and 47° [6] TheK K* 7~ final state was reconstructed by requiring a

decay. We have established its couplingsrtg 7 and 7’ missing K, and two charged particlgsl1]. The candidate
by performing a coupled channel analysis in the K-matrixevents are characterized by two long, oppositely curved
formalism[7]. The f,(1500) is currently a good candidate tracks starting in the liquid hydrogen target and reaching the
for the ground state glueball, which is predicted in this masgalorimeter. Due to its long lifetime, &, with a typical
range by lattice gauge theorig8]. Important for the under-  momentum of 400 MeW reaches the Csl barréhverage
standing of its nature is its coupling kK. In a recent paper distance 0.4 m from the targewith a probability of 96.8%.
[9], we have shown evidence for its decay in& in the N (54+4)% of all cases it initiates a detectable shower near

reaction pp—K K, 7. In this channel the contributions its impagt p‘?‘F‘t- The pat_tern .Of the energy deposition in the
from fo(1500)( =0) anday(1450)(1=1) decays toK K, cr())/stals is difficult to distinguish from that of a photon from
cannot be disentangled. Thq K, system carries isospih 7T+ o[n(gjecay. ;I’oisuppr('ess backgrognd from cha}nnels 'I|ke
~0 andl =1 allowing the occurrence of both of them. The 7 7 7 andam » which have a higher branching ratio

. L _ — than K, K=7™, and since the probability to miss two pho-
partial wave analysis yielded a branching ra®(pp o js rather small, we keep only events with a missing mass
— m0f(1500)f,(1500)~KK) ranging from (3.20.9)  of the Ky .
X10™* to (7.7+1.6)x 10" depending on the contribution  The analysis is based on 7.7 million events triggered by
from a,(1450) toK K 7 (from 15 to 0%. In the reaction  two long charged tracks, allowing any multiplicity of distinct
pp—K_K=7" only the |=1KK resonances are produced energy depositions in the calorimeter. The enrichment factor
with fractional contributionsk™ and, if interferences with of the signal channel in this sample is about 7 compared to
other resonances are neglected, their intensities in thminimum bias data. The off-line criteria for long tracks are
K_K_#° final statex® may be calculated by applying isospin signals in the inner and the outer sense wire layers of the

symmetry: JDC, at least 10 hits and a satisfactory helix fit to the space
- points. This reduces the data sample to 5.6 million good two

0 B(KLK™7™) prong events with long tracks. The threshold for a particle

CTABK K ) (1) energy deposition in the calorimeter is set to 10 MeV. An

energy deposition found close to the impact point of a track

In this paper we describe the selection of the final statéS not counted as decay photon or interacfgunless it can

_ — . 0 .
K. K*a* from pp annihilation at rest in liquid hydrogen bgtc_om(kj)lned tO?T ?agzvgzgasectond_tﬁrlerg{ cluiter.kWe g
and a partial wave analysis in the K-matrix formalism. obtained a sampie o events with two long tracks an

no additional electromagnetic shower.
Assuming that both charged patrticles are pions we show
IIl. DATA SELECTION their missing mass in Fig. 1. One expects the peak of the

The Crystal Barrel experiment used antiprotons from thdnisSingK_ to be centered at 728 Mew?, where a clear

Low Energy Antiproton RingLEAR) at CERN. The detec- signal fromK, is observed. In addition one sees the collinear
: ) +, - ;

tor started operating in 1989 and finished data taking witd™ 7 K" K™) and 7" 7K K, events with botK, not
the shutdown of LEAR in 1996. Final states from antiproton-detected. With the fit of a Gaussian plus a straight line to the
proton annihilation consist mainly of charged pions and kaSignal we estimate 12080600 K K== events. In Fig. 2
ons, together with photons originating mostly from the deca)lhe total momentum is plo_tted versus the total energy for all
of short lived particles such as®, 7 and w. The Crystal 132846 events. Inlthe region market one expects collin-
Barrel spectrometer was constructed for the detection of@r events. The signal events are seen in the band labeled
charged and neutral decay products with a solid angle of8)- It spans the allowed<, momentum range up to
97% of 4. Antiprotons with a momentum of 200 Mey/ /47 MeVic. The plft is also populated witKsK, events,
and an incident rate of at most 30 kHz were stopped in thés decaying intor” 7~ andK, missing,[region(C)], and
center of a liquid hydrogen target. The whole detector asar™ 7 K K, events [area (D)]. In region (E) pp
sembly was placed in a solenoidal magnetic field of 1.5 T for— 7" 7~ 7% events show up where the two decay photons of
momentum analysis of the charged annihilation productsthe 7° were not detected. The final states 7~ 7°, KK
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FIG. 1. Two-prong missing mass with no additional energy  gig 3. dE/dx distribution for all 17208 events with an entry in
cluster, assuming pions. the missing mass window.

and +K+7K_ appear in the kinematic neighborhood of 17208 events from regiofB). According to Monte Carlo
K K=7" and can therefore contribute to the background. simulation we are then left with less than @K, events.
At this stage we take events from the shaded area in Figryrther background subtraction will be discussed below.

1 and accept those with a missiig 7~ or K~ " mass in As shown, topology and kinematic cuts already define the
the window: K K=" final state rather well. The next step is to separate
K. K*#~ from K K~ 7" by dE/dx and both from the re-
350 MeVic’<missing masK 7~ or 7"K") mainingK "K =X and 7" 7~ X events withX decaying into

undetected particles. ThatE/dx distribution versus particle
momentum is shown in Fig. 3. The maximum momentum of
charged particles is below 800 Med// Therefore, a simpli-
E{ied Bethe-Bloch formula is used:

<650 MeV/c? 2

and if it lies in region(B) in Fig. 2 which is kinematically
well separated from other channels, we arrive at 1726
events. We can easily distinguighsK, events leaking into M B2
region (B) from our signal events since the average decay —dE/dxiheo=— In(Nﬁ) - B2|.
length of theKg is 4.3 cm, leading to a secondary vertex B B

which lies outside the target regiom=1.2 cm). We keep The constantsM,N were adjusted to am* 7 #° and
K™K~ 7 sample using the truncated mean method—the

)

q 1000 B o lowest 10% and highest 30% dfE/dx values are rejected.
g - : From a fit of Gaussians to th#E/dx distributions of7 and
< . K in different momentum intervals we derive a resolution of
g 800 o(dE/dx)=0.142<dE/dx, enabling a30) #/K separation
up to 470 MeVE.
The different hypotheses are distinguished by?aest:
600 -
Xi=xt+xi, )
where
400 -
dE/dx"®°— dE/dx; | 2
X=\"odmdn ) ®)
200 -
A andi,j stands for ar or aK. The lowest of the four possible
SR values xizj determines our particle assignment. By this
: +, - -+
2, 500 1000 1500 2 2500 method we select 6240 K™ 7~ and 643& K~ 7" events.

E,_ [MeV] In only 2% of all cases does the assignment to one of the
fot signal channels fromdE/dx contradict the classification
FIG. 2. Total energy versus total momentum. For the calculatiorPased on the missing mass equati@h These events were

of the energy all charged particles are assumed to be geees rejected. We expect a slightly enhanced efficiency foikthe
text). Region(B) corresponds td&, K* 7™ events. mode, since a low momenturK ™ (p<250 MeV/c) fires
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FIG. 4. Acceptance corrected and background subtra€ted™ 7= Dalitz plot. The plot is divided into quadratic cells of size 0.045

X 0.045 GeV/c?. The dots represent the event density.

more crystals than K" and hence has a higher track match-230 MeV/c. The range below 230 Me¥/ covers only a
ing probability. The events are then kinematically correctedsmall fraction of our sample. To determine the correction to
for energy and momentum conservation with the hypothesishe acceptance™ in our channel down to lower momenta
of a missingK_ (1C-fit). Events with a confidence level we established the pattern &f energy clusters in C6Tl)

greater than 10% are accepted leading to 1K3K3 7~
events. Fig. 4 shows thi€¢, K* 7= Dalitz plot, already cor-

using the annihilation channél, K¢7® with Kg— 7" 7.
From 3.36 million events triggered by a secondary vertex

rected for acceptance and with background subtracted, agd two charged tracks we selected 5323 events by applying

discussed in the following.
The detection and reconstruction efficieney for two

the following main selection criteria: the™ 7~ invariant

mass had to match th€g mass, the two photons found could

charged tracks#~K™) and the missing<, was determined pe combined to ar® and the missinds7® mass lies in a
by a Monte Carlo simulation of the complete detector basegvindow around theK, mass. Ther™, 7~ and the photons
on GEANT [12]. To simulate hadronic interactions we usedere not allowed to fly in the direction of tH¢, . In theK

the FLUKA packagg 13]. We explicitly extract theK inter-
action probability from data according to Re®]. The aver-
age interaction probability i®'"'=(54+4)%. Themomen-
tum dependence is as follows:

Pint:A_*_(l_A)ex[{—g), (6)

with A=0.50+0.01 andB=(145+28) MeV/c. The param-
etrization accommodates the measurement ldf anomen-
tum of 795MeVk in the channelpp—K Kg at rest:
PINt=(57.2+2.7% [14]. We also have to correct for &,

momentum range up to 230 Met&/Ave did not find signifi-
cant differences in the pattern of energy deposition compared
to the interval 230 to 330 MeV¥/ From the Monte Carlo
simulation of events withK interacting we derived a cor-
rection factor for the hidde#, . Combining this with the
reconstruction efficiency™ for the two charged particles we
arrived at an average efficiency 0&=(14.9+0.1,¢
+0.55)%.

The branching ratio is calculated with 1 million minimum
bias events. We find 21315 events surviving our selection
chain. With the reconstruction efficieneyand the average

non-interaction probabilitﬁ“‘:(46i 4)% we arrive at the

induced shower in the calorimeter which is hidden in a clusPranching ratio:
ter assigned to a charged pion or kaon. This effect is ex-

pected to be enhanced at & threshold(when theK, and
K* momenta are paralleland in the region where thig,
and the charged pion move parallel. The simulation [&8]

B(K K*7)=(2.91+0.34x 10 3, (7

This value agrees within & with that for the channel

provides cross sections fdf, only for momenta above KgK*7* of Armenteroset al. [15] (B(KK™7")=(2.82
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+0.11)x107%) and Barashetal. [16] (AB(K°K*=™) the K**(892) andK*°(892). Isospin interferences cause an
=(2.13-0.28)x10°3). We have more than five times asymmetric population of the bands. One also sees the
higher statistics but the largest contribution to our error origi-2o(980) as a strong enhancement at Ki¢ threshold. The
nates from the uncertainty in th€_interaction probability. a,(1320) appears at the edges and in the middle of the plot.
For the normalization of the partial branching ratios in ourThis is typical for a spin-2 resonance produced from initial S
Dalitz plot analysis we take the average of the branchingstates. In the bubble chamber analysis #3¢1320) mass
ratios from the bubble chambefi$5,16 and this analysis: position was determined to bm=1280 MeVi? [18,19.
We shall see that this shift compared to the Particle Data

B(pp— K K*7%)=(2.74+0.10 X 10~3. (8  Group(PDG) [20] mass value of 1320 Me¢ is explained
by the introduction of a further scalar resonanag1450).
The impression of a curved* = (892) band is created by the

L i k MeV [
ow momentum pions and kaonp£50 MeV/c) curl in énterference With the,(1320).

the JDC. For this small fraction of events the acceptanc . . .
drops to zero. Slow charged kaons from our signal channel We now descnbe_ the .part|al wave anaIyS|s: Pro_ton and
may already stop in the liquid hydrogen target and decay im@nnprolt.on'co#ple to ISO?]plerPZQ and 1. qu anmhllatlonfat
" ,.. By dEJdx the  is ot distinguishable from a. A [eStin iquid hydrogen the dominant contribution stems from
fast w(p>500 MeVic), on the other hand, can be misiden- 1€ initial ~protonium 'S states: "$(J"==0 ") anc
tified as a kaon, simulating K==~ events AKK masses .Sl(‘]z —é ) [21]_. A detalleqb?nagysns mclu?lr;]g a:jn_mhlla-
around 1580 MeW2. One expects, however, only 18! tion from P states is not possible because of the dispropor-

oo . tionate increase in the number of parameters. At low energy
everk;ts of this k'gd' 'E'/%h momentum zhargeﬁhngK €@ the intermediate meson resonances carry spin 0, 1 or 2. For
not be separated hyE/dx anymore and may lead to wrong K K=7* the K**(892) andK*°(892) bands interfere con-

+, K=t ; ; ;
K=ar /K ar" combinations. According to Monte Carlo structively for 1=0 and destructively fol =1 (while for

simulation this happens only for a small fraction of the se- — . .
lectedK K * 7+ evF()aFr)lts (0 75):0 05%) K™K~ 7% and K°K°#° the interference is always construc-

ive). The simulation of the twd*(892) transitions from

S, and 3S; are shown as intensity plots in Figggsh and

f’g. 5(k,l), respectively. The transitions from the same initial
ate add coherently with relative strengths and production

ases which can be determined by a partial wave analysis.

We have generated possible background channels wit
the full detector Monte Carlo and subjected the events to th
same reconstruction chain as the data. From the number
events surviving the selection and the branching ratios of that
relevant channels one can calculate the effective number af, L .
background events in tHé K= 7~ final state. The most im- Different initial states add incoherently. .
portant candidate is ther* 7 #° channel with its high The total transition amplltu.de faptonzes into a dynz_;\rnlqal
branching ratio of (6.6 0.8)% [17] even though the two- part F,, commonly parametrized in terms of a relativistic

photon escape probability is only about 0.1%. These eventﬁre.it.-Wigner fprmula, a spin-parity.function calculated in
originate from a depopulated region of the 7~ 7° Dalitz elicity formalism[22] and a damping form factor taken

plot and contribute td&, K* 7+ with (60+ 16) events while usually from Refs{23,24 and depending on the decay an-
7 7 7 contributes I(4i 10) events. Furthermore, we gular momentum. The analytic form and conservation of uni-
found (28-9)K * K~ 0 events(Zymisséd detection anél one tarity is ensured by replacing the relativistic Breit-Wigner

fast K simulates am), (27-4)K*K™ events(a fastK is amplitudes by the more general ansg4].
misidentified and the mass difference betwderand 7 is
attributed to the missing, ), (18+3)KK, events and (10
+4)7* 7~ w events(3 photons are not detectedrhere is
practically no contamination from the four-body channel
K_K_ 7" 7~. The total fraction of background events in the
signal channel is (1757 %. The systematic error on this
humber is already included and Was.estallblished by Varyin%ifferent artial waves. In the Lorentz invariant K-matkx

the charged momentum antE/dx calibration of the JDC we includpe the resonance singularities by a simple sum of

within the error range of calibration constants. The back- o = . .
ground is found at lovK | 7= masses at the left border of the polesm,, which, in general, do not coincide with the physi

+ 7 . . . . | resonance m nd widths. Th have t xtract
K_K=#* Dalitz plot(see Fig. 4 For the Dalitz plot analysis cal resonance masses and widths ese have to be extracted

" . .as poles of the functioR in the complex energy plari@4].
wsgehi\;\;?;in :ul?ztircalféfgﬁrﬁs ggligdg:g?%:/;?tiAZ;EZrZ?EIy he general form of the K matrix for the propagation of a
added to the simulated intensity distribution and its strengtﬁwo_bOdy channel into a channej through the resonances

determined by a fit to a value of less than 2%. o with real couplingsy,; andg,; is given by:

Fi=1-iKp) Py, 9

which reduces to a Breit-Wigner expression in the simple
case of a single resonance in a given partial wawéh only
one decay channel opeR, and P, are vectorsK,, p and1
are matrices. In the following we omit the indéXabeling

0.9 Bi(d) By(g))
lll. DALITZ PLOT ANALYSIS Kij(m=2, = : ’ (10

T mi—m? By(0g) Bi(dy)’
In the Dalitz plot the two body systems with isosdin

=1(K*7" K ") are seen along horizontal and vertical with g;=q;(m), the breakup momentum for the decay into a

straight lines, respectively. The charged1 (K, K*) system given two-body channel. The phase space is given by

is seen along the diagonal axis. We observe two resonange(m)=2q;/m. The couplingg,;=g9;(m,) of the polea to

bands crossing each other at léiwr masses. They belong to channeli are related to the partial widtHs,; via
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FIG. 5. Simulated intensity distributions of contributive partial waves.
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o MLy, function) gives a resonance width ofi=(52+3) MeV/c?.
gai:pi(m ) 1) The parameters agree well with measurements of other ex-
“ periments in Ref[20].
The factorsB,(q;) are the damping factof23,24. The total The enhancement at the€K threshold(Fig. 4) is gener-

width I", is the sum of the partial widths divided by phase ated by theay(980) resonance which couples#a andKK.

space evaluated ah,. Equation(9) is derived from the Therefore, it is parametrized by a2 K matrix reducing to
expression for two-body scattering, which is described by thehe well known Flattdformula[27]:

transition matrixT:

. 1 O1

T|=(1_|K|p) K| . (12) g,
Fo= - .

0= PO =i (107 pogd)

_ (16)
For production the annihilation vertex of thgp system is
described by a complex coupligg), replacing oney,; in the

' It was previously used in the analysis of th@7°7 Dalitz
K matrix:

plot [1,28] for which g;=g,, was determined to bg;
, =353 MeV. There the information about the two couplings
B.= Ba —a, exgis,), (13) in the w7 channel was extracted from the cusp-like sﬂape of
pOF (2“ the v intensity which is caused by the opening of K&
threshold and introduces a correlation between the couplings.
and so For thea,(1320) we used a relativistic Breit-Wigner am-
, plitude. It can be produced from thd £0)'Sypp initial
pS Ba9.i Bi(q;) (14 state—the angular distributionssha W shape—and thd (
Y m-m?Bi(qu)’ =1)3s, initial state—a U-shaped angular distribution peak-
ing at the Dalitz plot boundarfsee Figs. &) and 5j)].
The expression&) and (12) both involve the K matrix and In addition to theK« P wave we expect &=3 S wave
directly relate resonance production in two-body scatteringvhich contains the<*(1430). The parameters of themr S
andpp annihilation. Equation$8)—(13) may be considered Wave were dsetermlned by fitting a scattering amplitude
as a concise formulation of the isobar model for protonium= (1/p)sin &°, Eq.(12) based on the K matrix to the phase
annihilation into three mesons via two-meson intermediatShift of the LASS experimer{29]. It is purely elastic in the
resonances. The free parameters are the massescou-  'edion of interest. We used the following ansatz:

plings g,; and B8,(a,,®,) of the resonance contributions. o2
One phase per initial state is set to zero since it is not ob- K=— 0 5 +Cq+Com. (17)
servable. mp—m

The total transition amplitude squared describes the event
density Nitheo at each position of the three-body phase This form also includes the low-energl{ {r) scattering. The
space. The Dalitz plot is fitted using thg-minimization fit yielded the constants,=1.45 andc,=—0.55/GeV and
method based on theiNuIT [25] program package. Thg? ~ Mo=(1342+10) MeV/c?, T',=(400+20) MeV/c?. The
for a Poisson process is formulated as in R26]: resonance mass and width extracted from the T matrix in the
complex energy plane ama=(1428+10) MeV/c? and T’
5 =(280+15) MeV/c?, in close agreement with LASER9].
X*=22 [yi=ni+n; In(ni/y)], (19  In the Dalitz plot analysis using Eq9) these values were
' then fixed. Alternatively, the K matrix was formulated in

with n; the number of events in tfi¢h Dalitz plot bin andy, terms of a scattering length including one resonance pole:

the number of events predicted by the model in ittiebin.
Neglecting bins at the Dalitz plot boundary, 730 cells enter K = +
the calculation. The transition amplitude for a partial wave 2+abg’ mé— m?
squared and integrated over phase space gives its fractional
contribution in the absence of interferences between variougith a the scattering length arulthe effective range. A fit of
chains. Hence, in general, the sum of the individual contrithis form gives a=(2.58+0.21) GeV'! and b=(1.81
butions is not equal to 1. +0.25) GeV !. The K-matrix values ifi,,I'g) and the T-
We now present the first fit based on well establishednatrix pole are, within errors, the same as before. For the
resonances only. THé*(892) resonance is parametrized astransition from thel =1 1S, state one obtains destructive
a relativistic Breit-Wigner amplitude since only th€x interference between the two charges; frd®, | =0 the
channel is open. The chargé&d® mass is found in all fits interference is constructive. The fit to the data shows that the
with the stable positionmy=(891+3) MeV/c? and T’ pole term in the K matrix is the dominant part. The1 1S,
=(61+3) MeV/c?. The freely fitted mass difference be- initial state can also decay via the: 3 K7 S wave. So far no
tweenK*? andK** is Am=(7=2) MeV/c?. The width is  resonance has been observed in this syd2dh If the |
affected by the mass resolutiar,=12 MeV/c? at theK* =3 wave has a similar energy dependence as thgwave,
mass, according to simulation. Replacing the Breit-Wignetthey cannot be distinguished in th€°K* 7™ final state.
by the folding of a Breit-Wigner and a Gaussi@oigtian ~ Hence we refrain from including it.

am 9

(18)
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FIG. 6. Discrepancy over the Dalitz plot for the minimum hy- FIG. 7. x* distribution over the Dalitz plot after inclusion of

pothesis. The marked features are the lack of predicted intensity 510(1450)'
low K7 masses and at they(1450) position, the distorted
a,(1320) band and the blot in tH¢**(892) band. a,(1650), which was already introduced #P7°% in Ref.

[1]. The fit to K_K=7* accepts the additional pole in the

With this minimal hypothesis requiring 29 free param- KK D-wave with an improvement in thg? of 50, although
eters the fit leads to g%/Ngor=1380/(736-29). Itis nota the width takes unreasonable values below 50 M&V/
satisfactory description since systematic deviations betweeflso, one expects suppression of a spin-2 resonance close to
theory and data are observed in the Dalitz plot. In particularthe end of phase spacenE€ 1740 MeV/k?) due to the cen-
the region forKk K masses above the,(1320) band is not trifugal barrier in the production. With spin 1 instead, the
described properly, as can be seen by the discrepancy bgass position decreases to about 1600 Mé\ahd the width
tween predicted events and data in Fig. 6. E¢1320) becomed ~200 MeV/c?. The x* decreases significantly by
mass position tends to a value below 1300 MeA// This Ax?=160 and the blot is now described satisfactorily. The
phenomenon was already observed in the bubble chambaf distribution is shown in Fig. 8.
analyseg19,16. The observation of a vector meson with a mass above

In the next step we introduce a pole for thg(1450) in 1400 MeVk? decaying intoKK was reported30] in the
the 2X2 K matrix in addition toay(980). Since therpand  reaction 7" p—KK*p at 30 GeVt and 50 GeVE. Two
KK thresholds are far away they do not significantly influ- radial excitations of the(770) are known[20], the p(1450
ence the line shape of theg(1450) and therefore it suffices and thep(1700. These resonances were also reported by our

to consider th&KK coupling of this resonance. The quality of
the description improves significantly toy?/Ngos
=969/(730-33). Two aspects give further confidence in the
introduction of this resonance: First, tlag(1320) is now
found at a mass ah=1312+5 MeV/c? and with a width of
I'=117+5 MeV/c?, in good agreement with our analysis of
the 7°7%7 final state. Secondly, the mass and width of the
ag(1450) are fitted tom= 1489+ 10 MeV/c? and I'=265
+11 MeV/c?, respectively. This agrees with the analysis of
w0797 in Refs.[1, 28]. For thelS, initial state, the strength 1
of a,(1320) is correlated with the strength af(1450): for

an a,(1320) contribution increasing from 11% to 15% the | o
ag(1450) increases from 8% to 13% whil€ increases by
aboutA y?=10, at most.

We are left with a discrepancy in Fig. 6 evidenced by the
blot in theK*= band at lowK =7+ massegseey? distribu-
tion, Fig. 7. The interference between tKe bands does not . 0‘5 1‘ 1‘5 5
explain all of the observed intensity. The difference could be ) )

due to a resonance in tieK system at high mass which runs m2(KLn+/KLn') / GeV?
through theK* band. The maximum intensity close to the

Dalitz plot edge suggests a resonance with non-zero spin. A FIG. 8. 2 distribution over the Dalitz plot for the best hypoth-
candidate is the radial excitation of th&,(1320), the esis is flat. The scaling of blackness is the same as in Fig. 6.

N

m%(K */K n*) / GeV?
.
T
| |

0.5

T




3868 A. ABELE et al. 57

TABLE |. Resonance contributions and relative production phases. A neggtiveeans a phase offset af

Resonance I(pp) Relative intensity{ %] a, ¢, [rad|
s, 62+5
K*(892) 0 7.5:1.0 —-1.45 0.0

1 1.1+0.4 0.64 3.9
K S-wave 0 30.37.0 —2.49 6.0

1 4.7+2.0 3.45 5.5
ao(980) 0 7.2°93 12.53 0.4
ao(1450) 0 10.82.0 1.27 4.6
KK P-wave 1 3.2°%%3 0.60/1.72 3.8/5.9
a,(1320) 0 14.6'35 2.30 4.3
Sum 79.4:8.0
35, 38+4
K*(892) 0 5515 0.87 0.0

1 20.2¢3.0 1.97 5.3
EK P-wave 0 3.2+1.0 —-0.4/1.3 0.1/2.2
a,(1320) 1 5216 1.10 5.4
Sum 34.1-3.8
Total sum 113.58.9

collaboration, decaying ta~ #° in anéw— %70 in liquid  the production of the meson resonances with previous mea-
deuterium[31]. We therefore tried a two-pole K matrix for surements. Our absolute branching ratios for decays into

the KK P wave, m,,I,)=(1430 MeVL?,170 MeV/c?) KK are given in Table Il and are normalized to K8).

and (1740 MeVé¢?,190 MeV/c?), which reproduce the T- The relative production oK*(892)K =K*(892)K from
matrix poles forp(1450 andp(1700 in Ref.[20]. This does 3S; to 1S, is r=3.0+0.6 in agreement with the previous
not change the situation in the Dalitz plot since both polesdetermination from Bettingt al.[19] r=2.4+0.5. As in the

add to a single resonance peak around 1600 M&Wy ap-  bubble chamber experiment we have integrated the coherent
propriate choice of the production strengths and phases. Theim of theK* amplitude and its charge conjug4te,14. If

x?2 for this best fit isy?/Ngo=810/(730-45). In this fit the  the interference between the tW0" bands is neglected by
mass of theay(1450) can be moved between 1450 Me¥// integrating eaciK*(892) amplitude independently from the
and 1510 MeV¢? changingy? by only 20. The width of the other one, slightly modified intensities are obtained. This
ao(1450) is relatively stable, and hence we quate causes, however, a drastic change to the contribution of the
=(1480+ 30) MeV/c? andI'=(265+15) MeV/c?. Thisis  K*(1430) which extends over the whole Dalitz plot. Since
the best fit that can be achieved with the chargk* 7+ destructive interference removes most of the wave produced
only. from thel =1 initial state, one obtains a much higher inten-

The intensity distribution oKK P wave produced from Sity by integrating the twoK*(1430) branches indepen-
—_— . 0 0
1, pp initial state[Fig. 5(c)] shows maxima at positions dently: instead of (4.7 2.0)% we get X (20.0+£8.5)%. For

where the discrepancies in the Dalitz plot are observed. Thg"e tr_ans_ition from thd jo ini(t)ial_state we have indivigiual
form of the deviations is created by the interference with thecontributions of 2¢(7.8-1.8)% instead of (3087.0)%.
K*(892) amplitudes and thay(1450) amplitude. The data F_o_r broad objects the branching ratios are a matter of defi-
are rather insensitive to the intensity enhancement of th8ition and should not, therefore, be taken at face value. The
transition pp(3S) — p* 7™ p* K K* [Fig. 5i)] at high strongK 7 S wave has already been noticed in Ré&B]. In

ltion pp pom P L 9- AT At NG gact, from our observatior@] we expect annihilation from S
KLK™ masses. Information about the productionkdk P states into any three pseudoscalars to proceed dominantly
wave from 3S; originates from all over the Dalitz plot area through two-body 0 waves.
where it easily picks up some intensity from the likewise The intensity at theKK threshold is attributed to the

extendeckm S wave produced froms,, a0(980), which we also observefil] in the annihila-
tion channel #°7%; with a branching ratio of

IV. DISCUSSION B(pp— ao(980)m;ap— m7)=(2.61+0.48)x 10 .  Since

The production parameters for the best fit are compiled iﬁhe reson-ance lies extremely clo§e t.o the threshold dKlﬁe
Table | and the theoretical Dalitz plot is displayed in Fig. 9.channel, its apparent intensity distributionKiK and 77 is
The fit quality can be seen from the mass projectidiig. 9  Very much dlfferept from that of a Breit-Wigner resonance.
with the fitted intensity distribution superimposed on theFigure 10 shows its cusp-like shape for thg channel and
data. in hatched style the intensity distribution KK, where
The fit requires about 60% contribution frofs, and  ay(1450) is neglected. For this plot we have recalculated the
about 40% from?®S, initial states. It is instructive to compare Flatte amplitude F, Eq. (16), and corrected for two-body
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FIG. 9. Theoretical Dalitz plot corresponding to the best fit, and the mass projections with(threfisuperimposed to the dateots.

phase space. From Table Il and REE] we calculate the TABLE II. Branching ratios of the meson resonané&esontrib-
ratio of branching ratios: uting to K, K*7*, calculated from the relative intensities in Table
I and Eq.(8).
B(pp—agm;ap—KK) — —
r(@g(980)= — =0.23+0.05. 15, B(pp—R7—KK ) x 10"
B(pp—agm;ap— m1) a,(980) 5.92704
(19 ay(1450) 8.88-1.68
. . — - KK P-wave 1.75°988
The ratio of couplings tary andKK is extracted by fitting 0.93
; . . . a,(1320) 12.00°323
Eqg. (16) with the constraint that the ratio of the integrated , — —
intensities is equal to our fit result E¢L9). The K-matrix SO B(pp—RK—KKm)x10'
pole was determined in the Dalitz plot analysis to rog K*(1430) lop=0 24.91:5.83
=(999+2) MeV/c? and was fixed for this procedure. We lop=1 3.86-1.65
obtain the coupling ., =g,=324=15 MeV and a ratio of K*(892) lop=0 6.17-0.85
couplingsr =g3/g2=1.03+0.14. This compares well with _ _ lop=1 0.90+0.33
our estimate in Ref.1] even though there we had to rely on S B(pp—R7m—KKm)x 10"
the line shape to extract information about tK& partial KK P-wave 2.63-0.83
width. In the present procedure the constraining informatiorfi2(1320) 2.830.88
on the couplings is the number of events attributed to thes, B(pp—RK—KK)x 10"
a,(980) which is rather insensitive to the mass resolutionk*(892) 15p=0 452+1.24
The pole positions in the complex energy plane correspond- I—==1 16.60-2.54

ing to the parameters above are: in Riemann sheemil (
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ss is equally probable, we predict the relative coupling of
the ag(1450) toKK and 7#:

p |FI?

ao(980) = ©vn
B(a—KK) 1 gk
B(ao—>’]T7]) a 2 CO§ ¢ qﬂ'??’

r1(ao(1450)= (20

where ¢=54.7°+ 6p5. With a pseudoscalar mixing angle
from Ref. [32] of Ops=—(17.3+1.8)° and phase space
evaluated am= 1480 MeVL? we obtain:

r,(ag(1450)=0.69+0.03. (21)

The error is determined by the uncertainty in the pseudo-

scalar mixing angle. With the branching ratiB(Ep
%(980) _>‘KK —agm;ap— 7n)=(10.05-1.80)x 10 * from Ref. [1] we
750 1000 1250 1500 obtain

m(xn) / MeV/c?

r1(ao(1450)=0.88+0.23, (22)

FIG. 10. Amplitudesp,,|F ..,|? and pgk|Fik|? (shaded aréa . _ _
e e which agrees with Eq(21). Recently, we also published the

—iT/2)=(982—i46) MeV/c2 and in sheet Il (1006 branching ratio for ther®»’ decay of this resonance ex-
—i49) MeV/c?. The relevant value closest to the physicaltraCted from the partial wave analysis of the final state
sheet for an object appearing as a resonance below the set’m7’ of pp annihilation at resf2]. Summarizing, we find
ond threshold is sheet Il, and hence we obtain a mass andt@e following ratios of branching ratios compared to flavor
width for the ag(980), including the uncertainties from the SU(3):

underlying parametersm=982+3 MeV/c?> and I'=92 ™ KK '

+8 MeV/c?. The full width at half maximum of thery

peak in Fig. 10 is 45 Me\W?, which is about half the reso- SUEB) 1. 0.69-0.03 0.3%-0.04

nance width. Crystal Barrel 1. 0.880.23 0.35:-0.16
We have introduced they(1450) into the same K matrix,  The isovector scalar resonareg 1450) is well described

but have not considered its coupling to the channel, since by the decay pattern predicted by flavor (8U Hence, it

it is far away from both thresholds. We have probed thenaturally finds its place in the 0" nonet.

significance of this resonance by fitting the Dalitz plot for We now compare the branching ratio @f,(1320),

fixed yalues of theay(1450) contribution, Igaving its mass B(p_p(1$0,381) —a,m ay— KK) = (14.85+1.94)x 10~

and width at the values found for the best fit. T*'_?edePe”' from this analysis with the value from bubble chamber work

dence of theay(1450) contribution is displayed in Fig. 11. B=(12.4+1.9)x 10 4 [19]. There thea,(1320) mass was

For a_contribgtion of 0.5% tha x* reaches 100; i8o(1450)  found below 1300 MeV. We explain this mass shift by the

is omitted A y“=150. , _ interference withay(1450). For the ratio of,(1320) pro-
From SU3)-flavor symmetry assuming tha,(1450) is  qyction from the initial statedS, and 3S, we get

theqq octet state and the relative creatioruaf or dd versus

B(pp(*Sp)—a,m) .
f=— =42"13 23
B(pp(3Sp) —a,m) Lo @3

compared tof =3.0=1.5 from Ref.[18]. However, we do

not attach much significance to this agreement because of the
large errors. The relative decay ratio ®§(1320) from the
present analysis and ther’7%7 result [1] B(pp(*Sy)
—a,(1320)7%; a,(1320)— 7°7)=(1.9+0.3)x10 % is

o~
=
<

100

B(a,—KK)
B(ay—mn)

50

ri(a,(1320)= =0.21" 3% (24)

PDG [20] quote r;(a,(1320)=0.34+0.06. In the recent
analysis of the reactionpp—=°#°y' [2] we found
0 J . B(pp(1Sy) — a,(1320)7%;a,— 707’) = (6.4+1.3)x 10" °,
0 10 20 30 which gives a relative decay ratio:

percental contribution a, (1450)

B(a;—m7n')

r2(a,(1320)= Bla,— )

=0.034*+0. 2
FIG. 11. x? scan for different intensities af,(1450). 0.034+0.009, (25
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Using the coupled channel analy$ig] leads to a slightly
smaller but consistent value=0.16£0.04. Ratio (26)

makes the interpretation ¢f(1500) asss meson rather un-
likely. Its decay branching ratios are similar to those of a

(uu+dd) meson. The scalar nonet can be constructed from
Crystal Barrel investigations with fy(1370)(=0),
ap(1450)( =1) andK*(1430)(=3) as in Ref.[33]. The
position of thew-like partner of a nonet is already occupied
by f4(1370). The supernumerary statusfgf1500) is sup-
ported by its small width compared to the nonet members
[34,35. The glueball interpretation of thig)(1500) based on

its couplings is discussed in Refg36, 37. According to

ol these calculations the-like scalar meson has to be found at
— masses above 1600 Med?/.

K(K*n™/K™n*)

, f, = KK) * 10

0

B(p p — f,(1500)n
=

V. CONCLUSIONS

| Il | | 1
° 0 02 04 06 08 1 12 14 We have measured thg K* 7~ final state ofap annihi-
B(p p — a,(1450)n, a, = KK) * 10° lation at rest with five times more statistics tﬂan previous
bubble chamber experiments. We establishedkiKedecay
FIG. 12. Determination of the branching ratiofg{1500) inthe  mode ofay(1450) by a partial wave analysis in the isobar
reactionpp— K K, 7° [9] (light hatched areawhere it is corre- model and formulated the dynamics in the K-matrix formal-
lated withag(1450) production. Theo(1450) contribution is fixed  jsm. The branching ratio ig(ap_,ao(145o}ﬂ;ao(145o)
by the present measuremedark hatched arga —KK)=(8.88+1.68)x 10 4. The mass and width are
=1480+30 MeV/c?> and I'=265+15 MeV/c?, respec-
Hvely. We were also able to determine the branching ratio
for fy(1500): B(pp— 7f(1500)fy(1500)—KK)=(4.52
+0.36)x 10 4.

while PDG givesr,(a,(1320)=0.039+0.008. Both agree.
Let us now discuss the impact of the present analysis o
the interpretation of thd =0 scalar resonancé,(1500),
which we have observed earlier in different final stateppf
annihilation from 1S,. It was found[9] that the f,(1500) ACKNOWLEDGMENTS
contribution to the final stati, K, #° of pp annihilation at
rest depends on the contribution &f(1450) (see Fig. 12
We can now eliminate this correlation using E(L).
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