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Abstract

We present a measurement and partial wave analysis of the final state
K K*nF of pp annihilation at rest in liquid hydrogen. This reaction is
important for the study of the KK decay mode of scalar resonances, in
particular the isovectors a¢(980) and a¢(1450). The determination of the
ao(1450) production also fixes the KK coupling of the isoscalar fu(1500)
which is discussed as a glueball. We find B(pp — ao(1450)7; ag(1450)— K K)
= (8.88 £ 1.68) - 10™* and hence B(pp — fo(1500)7; fo(1500)— KK) =
(4.5240.36)-10~*. The mass and width of ag(1450) are m = 1480430 MeV /c?
and T' = 265 & 15 MeV/c?, respectively. For a((980) we determine the rela-
tive ratio B(pp— aom;ap— KK)/ B(pp— agm;ag— m) = 0.2340.05 and its

relative coupling, KK to 7, is 1.03 £ 0.14.
13.25.-k, 14.40.Cs, 14.40.Ev
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I. INTRODUCTION

Proton-antiproton annihilation at rest in liquid hydrogen is an excellent environment for
the study of scalar meson resonances. The most sensitive channels consist of three neutral
pseudoscalar mesons. The Crystal Barrel Collaboration has published the observation of
an isovector scalar resonance ag(1450) with mass and width m = 1450 4+ 40 MeV and
[' = 270 + 40 MeV, respectively [1]. This state was required to describe the process pp —
7079, Recently, we have reported its 7% decay [2] with a strength close to SU(3)-flavour
expectations for a gg member of the scalar nonet. Information about a KK decay mode is
still missing.

We have also published the observation of the fy(1500) resonance in its 707 ref. [3], nn
ref. [4], nn’ ref. [5] and 47° ref. [6] decay. We have established its couplings to 7, nn and
nn’ by performing a coupled channel analysis in the K-matrix formalism [7]. The f;(1500)
is currently a good candidate for the groundstate glueball, which is predicted in this mass
range by lattice gauge theories [8]. Important for the understanding of its nature is its
coupling to K K. In a recent paper [9], we have shown evidence for its decay into KK in
the reaction pp — Ky Kym". In this channel the contributions from f;(1500) (I = 0) and
ao(1450) (I = 1) decays to K K cannot be disentangled. The K K system carries isospin
I =0 and I =1 allowing the occurrence of both of them. The partial wave analysis yielded
a branching ratio B(pp — 7° fo(1500); fo(1500)—K K) ranging from (3.9 & 0.9) - 10~ to
(7.741.6) - 10~* depending on the contribution from ay(1450) to K; K;7° (from 15 to 0% ).
In the reaction pp — K;K*7F only the I = 1 KK resonances are produced with fractional
contributions k% and, if interferences with other resonances are neglected, their intensities

in the K; K;7° final state x° may be calculated by applying isospin symmetry:

B(K;K*r*
K = (K 7r2) KT (1)
4'B(KLKL’/T)

In this letter we describe the selection of the final state K7, K*7F from pp annihilation

at rest in liquid hydrogen and a partial wave analysis in the K-matrix formalism.



II. DATA SELECTION

The Crystal Barrel experiment used antiprotons from the Low Energy Antiproton Ring
(LEAR) at CERN. The detector started operating in 1989 and finished data taking with
the shutdown of LEAR in 1996. Final states from antiproton-proton annihilation consist
mainly of charged pions and kaons, together with photons originating mostly from the
decay of short lived particles such as 7°,  and w. The Crystal Barrel spectrometer was
constructed for the detection of charged and neutral decay products with a solid angle of
97% of 4m. Antiprotons with a momentum of 200 MeV /c and an incident rate of at most
30 kHz were stopped in the center of a liquid hydrogen target. The whole detector assembly
was placed in a solenoidal magnetic field of 1.5 T for momentum analysis of the charged
annihilation products: two concentric cylindrical multiwire proportional chambers allowed
a fast decision on the charged particle multiplicity. They were surrounded by a cylindrical
jet drift chamber (JDC), which was divided into 30 sectors, each containing 23 sense wires
with a spatial resolution of o = 125 um in (r¢) and 0 = 7 mm for the z-coordinate.
The measured momentum resolution for a long track reaching the outer layers of the JDC
was 2% at 200 MeV/c and about 7% at 1 GeV/c. From the pulse heights on all wires
along a track, information on the dE/dzx for particle identification was obtained. A barrel
shaped electromagnetic calorimeter segmented into 1380 CsI(Tl) crystals, 16.1 radiation
lengths deep, surrounded the JDC. The crystals were read out with photodiodes. A detailed
description of the detector can be found in ref. [10].

The K; K*rT final state was reconstructed by requiring a missing K; and two charged
particles [11]. The candidate events are characterized by two long, oppositely curved tracks
starting in the liquid hydrogen target and reaching the calorimeter. Due to its long lifetime,
a K with a typical momentum of 400 MeV /c reaches the CsI barrel (average distance 0.4 m
from the target) with a probability of 96.8%. In (54£4)% of all cases it initiates a detectable
shower near its impact point. The pattern of the energy deposition in the crystals is difficult
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to distinguish from that of a photon from 7° or n decay. To suppress background from



channels like 777~ 7% and 77~ 1 which have a higher branching ratio than K; K*7r¥, and
since the probability to miss two photons is rather small, we keep only events with a missing
K.

The analysis is based on 7.7 million events triggered by two long charged tracks, allowing
any multiplicity of distinct energy depositions in the calorimeter. The enrichment factor of
the signal channel in this sample is about 7 compared to minimum bias data. The off-line
criteria for long tracks are signals in the inner and the outer sense wire layers of the 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 prong events with long tracks. The threshold for a particle energy
deposition in the calorimeter is set to 10 MeV. An energy deposition found close to the
impact point of a track is not counted as decay photon or interacting K unless it can be
combined to a 7° or n with a second energy cluster. We obtained a sample of 132,846 events
with two long tracks and no additional electromagnetic shower.

Assuming that both charged particles are pions we show their missing mass in fig. 1. One
expects the peak of the missing K7, to be centered at 728 MeV /c?, where a clear signal from
K7, is observed. In addition one sees the collinear (77, K™K ) and 7t7 K K|, events
with both K not detected. With the fit of a Gaussian plus a straight line to the signal we
estimate 12,000 £+ 600 K; K*7F events. In fig. 2 the total momentum is plotted versus the
total energy for all 132,846 events. In the region marked (A) one expects collinear events.
The signal events are seen in the band labeled (B). It spans the allowed K7 momentum range
up to 747 MeV/c. The plot is also populated with KgKj, events , Kg decaying into w7~
and K, missing, (region (C)) and 77 K K|, events (area (D)). In region (E) pp — 77 7°
events show up where the two decay photons of the 7° were not detected. The final states
atr 7%, K¢K; and K*K~ appear in the kinematic neighbourhood of K; K*7F and can
therefore contribute to the background.

At this stage an event is accepted if it has a missing mass in the window:

350 MeV /¢ < missing mass(K*7~ or 77 K~) < 650 MeV /¢ (2)



and if it lies in region (B) in fig. 2 which is kinematically well separated from other channels.
We can easily distinguish KgK, events leaking into region (B) from our signal events since
the average decay length of the Kg is 4.3 cm, leading to a secondary vertex which lies
outside the target region (r = 1.2 cm). We kept 17,208 events from region (B). According to
Monte Carlo simulation we are then left with less than 20 KK, events. Further background
subtraction will be discussed below.

As shown, topology and kinematic cuts already define the K;K* 7T final state rather
well. The next step is to separate K K*n~ from K; K~ 7" by dE/dz and both from the
remaining K*K~X and 7t7n~X events with X decaying into undetected particles. The
dE/dz distribution versus particle momentum is shown in fig. 3. The maximum momentum
of charged particles is below 800 MeV /c. Therefore, a simplified Bethe-Bloch formula is

used:

M 2
—dE/dd"* = 5 [111 (Nl f 62> — ﬂQ] : (3)

The constants M, N were adjusted to a 777~7% and K* K~7° sample using the truncated
mean method - the lowest 10% and highest 30% of dE/dz values are rejected. From a fit of
Gaussians to the dE/dz distributions of 7 and K in different momentum intervals we derive
a resolution of o(dE/dz)= 0.142-dE/dz, enabling a (30) m/K separation up to 470 MeV /c.

The different hypotheses are distinguished by a x? test:
X5 =X+ X5, (4)

where

, <dE/dx§heo - dE/dxi>2 5

X = 0:(dE/dx)
and i, j stands for a m or a K. The lowest of the four possible values ij determines our
particle assignment. By this method we select 6,240 K, K7~ and 6,430 K, K~ 7" events.
In only 2% of all cases does the assignment contradict our previous classification based on

the missing mass eq. (2). We expect a slightly enhanced efficiency for the K~ mode, since
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a low momentum K~ (p < 250 MeV/c) fires more crystals than a KT and hence has a
higher track matching probability. The events were then kinematically corrected for energy
and momentum conservation and the hypothesis of a missing K; (1C-fit). Events with a
confidence level greater than 10% were accepted leading to 11,373 K, K*7T events. Fig. 4
shows the K;K*n¥ Dalitz plot, already corrected for acceptance and with background
subtracted, as discussed in the following.

The K, interaction probability P™ as a function of the K; momentum p is parametrized

as in ref. [9]:

Pt = A+ (1 —A)-exp(—%), (6)

with A = 0.50 + 0.01 and B = (145 + 28) MeV/c, giving an average P™ of (54 + 4)%
ref. [12]. The detection and reconstruction efficiency ¢* for two charged tracks (7= K7T) and
the missing K, was determined by Monte Carlo simulation [13]. We also have to correct for
a K induced shower in the calorimeter which is hidden in a cluster assigned to a charged
pion or kaon. This effect is enhanced at the KK threshold and in the region where the
charged pion moves parallel to the K. Since the Monte Carlo package [13] provides cross
sections for the K, in CsI(T1) only above a K, momentum of 230 MeV/c, the systematics
of the hidden K, was established with the annihilation channel K K¢7® which is tagged by
the K¢ — 77~ decay. We have included this effect in the average efficiency e* which then
becomes € = (14.9 + 0.1 £ 0.55,5,)%. The branching ratio was calculated with 1 million
minimum bias events. We found 213+15 events surviving our selection chain. With the
reconstruction efficiency ¢* and the average non-interaction probability pint — (46 £ )%

we arrive at the branching ratio:
B(K, K*7rF) = (2.91£0.34) - 10 . (7)

This value agrees well with that of Armenteros et al. for K¢K*7F: B(KsK*nT) = (2.82 &
0.11) - 1073 ref. [14]. The largest contribution to our error originates from the uncertainty

in the K interaction probability.



Low momentum pions and kaons (p < 50 MeV/c) curl in the JDC. For this small
fraction of events the acceptance drops to zero. Slow charged kaons from our signal channel
may already stop in the liquid hydrogen target and decay into p*v,. By dE/dz the p
is not distinguishable from a 7. A fast 7 (p > 500 MeV/c), on the other hand, can be
misidentified as a kaon, simulating K; K*7 7 events at KK masses around 1580 MeV /c?.
One expects, however, only 15 £ 4 events of this kind. High momentum charged 7 and K
cannot be separated by dE/dz anymore and may lead to wrong K7~ /K7t combinations.
According to Monte Carlo simulation this happens only for a small fraction of the selected
K, K*7F events (0.75 £ 0.05%).

Additional possible backgrounds were quantified based on a Monte Carlo simulation of
the detector. The most important candidate is the 7*7~7% channel with its high branching
ratio of (6.6 = 0.8)% ref. [15] even though the two-photon escape probability is only about
0.1%. These events originate from a depopulated region of the 7*7 7 Dalitz plot and
contribute to Ky K*7F with (60 & 16) events while 77 7 contributes (47 4 10) events.
Furthermore, we found (28 + 9) K*K~7" events (27 missed detection and one fast K
simulates a ), (27 £4) K"K~ events (a fast K is misidentified and the mass-difference
between K and 7 is attributed to the missing Kp), (18 & 3) K¢K events and (10 &+ 4)
7rn~w events (3 photons are not detected). There is practically no contamination from
the four-body channel K;Kym"n~. The total fraction of background events in the signal
channel is (1.755:7)%. The systematic error on this number is already included and was
established by varying the charged momentum and dE/dz calibration of the JDC within the
error range of calibration constants. The background is found at low K;7* masses at the

left border of the K, K*rF Dalitz plot (see fig. 4).

III. DALITZ PLOT ANALYSIS

In the Dalitz plot the two body systems with isospin I = § (K*7¥, K m*) are seen

along horizontal and vertical straight lines, respectively. The charged I = 1 (K K®) system



is seen along the diagonal axis. We observe two resonance bands crossing each other at low
Km-masses. They belong to the K**(892) and K*°(892). Isospin interferences cause an
asymmetric population of the bands. One also sees the a((980) as a strong enhancement at
the KK threshold. The ay(1320) appears at the edges and in the middle of the plot. This is
typical for a spin-2 resonance produced from initial S-states. In the bubble chamber analysis
the a,(1320) mass position was determined to be m = 1280 MeV /c? ref. [17,18]. We shall
see that this shift compared to the PDG [16] mass value of 1320 MeV /¢? is explained by the
introduction of a further scalar resonance, ao(1450). The impression of a curved K**(892)
band is created by the interference with the ay(1320).

We now describe the partial wave analysis. Proton and antiproton couple to isospin
Ipp = 0 and 1. For annihilation at rest in liquid hydrogen the dominant contribution stems
from the initial protonium S-states - 'So(J”“=0"") and 3S; (J"“=1"") ref. [19]. A detailed
analysis including annihilation from P-states is not possible because of the disproportionate
increase in the number of parameters. At low energy the intermediate meson resonances
carry spin 0,1 or 2. For K7, K=7F the K**(892) and K*°(892) bands interfere constructively
for I = 0 and destructively for I = 1 (while for KK 7" and K°K°7° the interference is
always constructive). The simulation of the two K*(892) transitions from 'S, and ®S; are
shown as intensity plots in fig. VII(g- h) and fig. VII(k - 1), respectively. The transitions from
the same initial state add coherently with relative strengths and production phases which
can be determined by a partial wave analysis. Different initial states add incoherently.

The total transition amplitude factorizes into a dynamical part F;, commonly
parametrized in terms of a relativistic Breit-Wigner formula, a spin-parity function cal-
culated in helicity formalism [20] and a damping form-factor taken usually from ref. [21,22]
and depending on the decay angular momentum. The analytic form and conservation of uni-
tarity is ensured by replacing the relativistic Breit-Wigner amplitudes by the more general

ansatz [22]:

F,= (1 -iK;p)™'P, (8)
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which reduces to a Breit-Wigner expression in the simple case of a single resonance in a
given partial wave | with only one decay channel open. F; and P, are vectors, K;,p and 1l
are matrices. In the following we omit the index [ labeling different partial waves. In the
Lorentz invariant K-matrix K we include the resonance singularities by a simple sum of
poles m,, which, in general, do not coincide with the physical resonance masses and widths.
These have to be extracted as poles of the function F' in the complex energy plane [22]. The
general form of the K-matrix for the propagation of a two-body channel ¢ into a channel j

through the resonances o with real couplings go; and g,; is given by:

9ai 9oj Bila) Bi(g))
Ki‘ — )
5(m) Z m2 —m? By(qas) Bi(day)

(9)

with ¢; = ¢;(m), the breakup momentum for the decay into a given two-body channel i.
The phase space p; is given by p;(m) = 2¢;/m. The couplings g,; = g;(ms) of the pole « to
channel 7 are related to the partial widths I'y; via

marai
i = pi(ma) (10)

at

The factors By(q;) are the damping factors [21,22]. The total width ', is the sum of the
partial widths divided by phase space evaluated at m,. The eq. 8 is derived from the

expression for two-body scattering, which is described by the transition matrix 7"
T = (1l —iK;p) 'K, . (11)

For production the annihilation vertex of the pp system is described by a complex coupling

(., replacing one g,; in the K-matrix:

Ba = i = aq - exp(igy) , (12)

Vi e

and so

P=Y BiYai  Bi(a:) (13)

@ mi —m? Bl(qai) .

The expressions eq. (8) and eq. (11) both involve the K-matrix and directly relate resonance

production in two-body scattering and pp annihilation. Egs. (8)-(13) may be considered as

11



a concise formulation of the isobar model for protonium annihilation into three mesons via
two-meson intermediate resonances. The free parameters are the masses m,, couplings gq;
and [, (aq,¢q) of the resonance contributions. One phase per initial state is set to zero
since it is not observable.

The total transition amplitude squared describes the event density N at each position
i of the three-body phase space. The Dalitz plot is fitted using the y?-minimization method
based on the MINUIT [23] program package. The x? for a poisson process is formulated as

in ref. [24]:

X2 =2 Z[Z/i —n; +niIn(n /y;)] (14)

with n; the number of events in the i-th Dalitz plot bin and y; the number of events predicted
by the model in the i-th bin. Neglecting bins at the Dalitz plot boundary, 730 cells went into
the calculation. The transition amplitude for a partial wave [ squared and integrated over
phase space gives its fractional contribution in the absence of interferences between various
chains. Hence, in general, the sum of the individual contributions is not equal to 1.

We now present the first fit based on well established resonances only. The K*(892)
resonance is parametrized as a relativistic Breit-Wigner amplitude since only the K7 channel
is open. The charged K** mass is found in all fits with the stable position my = (891 +
3) MeV/c? and Iy = (61£3) MeV/c?. The freely fitted mass difference between K** and K**
is Am = (7+2) MeV/c?. The width is affected by the mass resolution o, = 12 MeV /c? at
the K* mass, according to simulation. Replacing the Breit-Wigner by the folding of a Breit-
Wigner and a Gaussian (Voigtian function) gives a resonance width of m = (52 +£3)MeV /c2.
The parameters agree well with measurements of other experiments in ref. [16].

The enhancement at the KK threshold (fig. 4) is generated by the ay(980) resonance
which couples to ) and KK. Therefore, it is parametrized by a 2 x 2 K-matrix reducing

to the well known Flatté formula [25]:

12



[

go
—m2—i(p1g} + pa2g3)

FO = 6(I)m2 (15)
0

It was previously used in the analysis of the 7%7%y Dalitz plot [1,26] for which g, = g, was
determined to be g; = 353 MeV. There the information about the two couplings in the 77
channel was extracted from the cusp-like shape of the 77 intensity which is caused by the
opening of the K K threshold and introduces a correlation between the couplings.

For the a2(1320) we used a relativistic Breit-Wigner amplitude. It can be produced from
the (I = 0) 'Sy pp initial state - the angular distributions has a W shape - and the (I = 1)
38 initial state - a U-shaped angular distribution peaking at the Dalitz plot boundary (see
appendix fig. VII(d) and (j)).

In addition to the K7 P-wave we expect a I = 3 S-wave which contains the K*(1430).
The parameters of the K7 S-wave were determined by fitting a scattering amplitude T =
%siné - eq. (11) based on the K-matrix to the phase shift of the LASS experiment [27].

It is purely elastic in the region of interest. We used the following ansatz:

K:2—2mQ+cl+czm. (16)
This form also includes the low-energy (K7) scattering. The fit yielded the constants ¢; =
1.45 and ¢; = —0.55/GeV and my = (1342 + 10) MeV/c?, Ty = (400 £ 20) MeV/c?. The
resonance mass and width extracted from the T-matrix in the complex energy plane are
m = (1428 + 10) MeV/c? and T' = (280 + 15) MeV/c?, in close agreement with LASS [27].
In the Dalitz plot analysis using eq. (8) these values were then fixed. Alternatively, the

K-matrix was formulated in terms of a scattering length including one resonance pole:

. am gg
© 2+4abg?  mi — m?

(17)

with a the scattering length and b the effective range. A fit of this form gives a = (2.58 +
0.21) GeV~ ! and b = (1.81 £0.25) GeV~'. The K-matrix values (my,I¢) and the T-matrix

pole are, within errors, the same as before. For the transition from the I = 1 'S, state one

13



obtains destructive interference between the two charges, from 'Sy I = 0 the interference is
constructive. The fit to the data shows that the pole-term in the K-matrix is the dominant
part. The I = 1 'S, initial state can also decay via the I = % Km S-wave. So far no

resonance has been observed in this system [16]. If the / = 3 wave has a similar energy

L

5 wave, they cannot be distinguished in the K°K*x¥ final state.

dependence as the I =
Hence we refrain from including it.

With this minimal hypothesis requiring 29 free parameters the fit led to a x?/Ngoy =
1380/(730 — 29). It is not a satisfactory description since systematic deviations between
theory and data are observed in the Dalitz plot. In particular, the region for K K masses
above the a3(1320) band is not described properly, as can be seen by the discrepancy be-
tween predicted events and data in fig. 5. The ay(1320) mass position tends to a value
below 1300 MeV /c?. This phenomenon was already observed in the bubble chamber analy-
ses [18,28].

In the next step we introduced a pole for the ay(1450) in the 2 x 2 K-matrix in addition
to ao(980). Since the 77 and K K thresholds are far away they do not significantly influence
the line shape of the ao(1450) and therefore it suffices to consider the K K coupling of this
resonance. The quality of the description improves significantly to x*/Ngor = 969/(730—33).
Two aspects give further confidence in the introduction of this resonance: First, the as(1320)
is now found at a mass of m = 1312+ 5 MeV /c? and with a width of ' = 117 + 5 MeV/c?,
in good agreement with our analysis of the 7%7% final state. Secondly, the mass and width
of the a(1450) are fitted to m = 1489 +10 MeV /c? and I’ = 265+ 11 MeV /c?, respectively.
This agrees with the analysis of 7°7% in ref. [1,26]. For the 'Sy initial state, the strength of
a2(1320) is correlated with the strength of ag(1450): for an a(1320) contribution increasing
from 11% to 15% the a((1450) increases from 8% to 13% while x? increases by about
Ax? = 10, at most.

We are left with a discrepancy in fig. 5 evidenced by the blot in the K** band at low
K*7¥ masses (see x? distribution fig. 6). The interference between the K* bands does not

explain all of the observed intensity. The difference could be due to a resonance in the KK
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system at high mass which runs through the K* band. The maximum intensity close to the
Dalitz plot edge suggests a resonance with non-zero spin. A candidate is the radial excitation
of the ay(1320), the a9(1650), which was already introduced in 7%7% in ref. [1]. The fit to
K, K*n% accepts the additional pole in the KK D-wave with an improvement in the y?
of 50, although the width takes unreasonable values below 50 MeV/c?. Also, one expects
suppression of a spin-2 resonance close to the end of phase space (m = 1740 MeV /¢?) due to
the centrifugal barrier in the production. With spin 1 instead, the mass position decreases to
about 1600 MeV /c? and the width becomes I’ a2 200 MeV/c?. The x? decreases significantly
by Ax? = 160 and the blot is now described satisfactorily. The x? distribution is shown in
fig. 7.

The observation of a vector meson with a mass above 1400 MeV /c? decaying into K K
was reported [29] in the reaction mfp— KgK*p at 30 GeV/c and 50 GeV/c. Two radial
excitations of the p(770) are known [16], the p(1450) and the p(1700). These resonances were
also reported by our collaboration, decaying to 7~ 7” in pn—7 77 in liquid deuterium [30].
We therefore tried a two-pole K-matrix for the KK P-wave, (mq, ) = (1430 MeV/c? |
170 MeV/c?) and (1740 MeV /c? |, 190 MeV/c?)), which reproduce the T-matrix poles for
p(1450) and p(1700) in ref. [16]. This does not change the situation in the Dalitzplot since
both poles add to a single resonance peak around 1600 MeV /c? by appropriate choice of
the production strengths and phases. The x? for this best fit is x*/Ngop = 810/(730 — 45).
In this fit the mass of the a¢(1450) can be moved between 1450 MeV/c? and 1510 MeV /c?
changing x? by only 20. The width of the ay(1450) is relatively stable, and hence we quote
m = (1480 + 30) MeV/c? and T' = (265 + 15) MeV/c?. This is the best fit that can be
achieved with the channel K, K7 ¥ only.

The intensity distribution of K K P-wave produced from 'S, pp initial state (fig. VII(c))
shows maxima at positions where the discrepancies in the Dalitz plot are observed. The form
of the deviations is created by the interference with the K*(892) amplitudes and the a(1450)
amplitude. The data are rather insensitive to the intensity enhancement of the transition

pp(3S1)— ptrT; pt— K K* (appendix fig. VII(i)) at high K; K* masses. Information about
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the production of KK P-wave from 3S; originates from all over the Dalitz plot area where

it easily picks up some intensity from the likewise extended Km S-wave produced from 'S,.

IV. DISCUSSION

The production parameters for the best fit are compiled in table 1 and the theoretical
Dalitz plot is displayed in fig. 8. The fit quality can be seen from the mass projections
(fig. 8) with the fitted intensity distribution superimposed on the data.

The fit requires about 60% contribution from 'Sy and about 40% from S, initial states.
It is instructive to compare the production of the meson resonances with previous measure-
ments. For the normalization of the partial branching ratios compiled in table 2 we take the

average of total branching ratios from the bubble chambers ref. [14,28] and this analysis:
B(pp — K, K*nF) = (2.74 4 0.10) - 107, (18)

Our absolute branching ratios for decays into K K are given in table 2.

The relative production of K*(892)K 4+ K*(892)K from 3S; to 'Sy is r = 3.0 £ 0.6 in
agreement with the previous determination from Bettini et al. [18] » = 2.4 £ 0.5. As in
the bubble chamber experiment we have integrated the coherent sum of the K* amplitude
and its charge conjugate [18,28]. If the interference between the two K* bands is neglected
by integrating each K*(892) amplitude independently from the other one, slightly modified
intensities are obtained. This causes, however, a drastic change to the contribution of the
K*(1430) which extends over the whole Dalitz plot. Since destructive interference removes
most of the wave produced from the I = 1 initial state, one obtains a much higher intensity
by integrating the two K*(1430) branches independently: instead of (4.7 £ 2.0)% we get
2 x (20.0 £+ 8.5)%. For the transition from the I = 0 initial state we have individual
contributions of 2 x (7.8 £ 1.8)% instead of (30.3 = 7.0)%. For broad objects the branching
ratios are a matter of definition and should not, therefore, be taken at face value. The

strong K7 S-wave has already been noticed in ref. [17]. In fact, from our observations [7]

16



we expect annihilation from S-states into any three pseudoscalars to proceed dominantly
through two-body 0% waves.

The intensity at the K K threshold is attributed to the ay(980), which we also observed [1]
in the annihilation channel 7°7% with a branching ratio of B(pp—a(980)m;ag—7n) =
(2.61 £ 0.48) - 103, Since the resonance lies extremely close to the threshold of the KK
channel, its apparent intensity distribution in KK and 77 is very much different from that
of a Breit-Wigner resonance. Fig. 9 shows its cusp-like shape for the 7n channel and in
hatched style the intensity distribution in K K, where ag(1450) is neglected. For this plot
we have recalculated the Flatté amplitude F', eq. (15) and corrected for two-body phase

space. From table 2 and ref. [1] we calculate the ratio of branching ratios:

B(pp— agm; ap— f(K)

980)) =
r(ao(980)) B(pp— aom; ag— 1)

=0.23+£0.05 . (19)

The ratio of couplings to 7y and KK is extracted by fitting eq. (15) with the constraint
that the ratio of the integrated intensities is equal to our fit result eq. (19). The K-matrix
pole was determined in the Dalitz plot analysis to be my = (999 + 2) MeV/c? and was
fixed for this procedure. We obtain the coupling g,, = g1 = 324 £ 15 MeV and a ratio of
couplings r = ¢3/¢? = 1.03 £ 0.14. This compares well with our estimate in ref. [1] even
though there we had to rely on the line shape to extract information about the K K partial
width. In the present procedure the constraining information on the couplings is the number
of events attributed to the a((980) which is rather insensitive to the mass resolution. The
pole positions in the complex energy plane corresponding to the parameters above are: in
Riemann sheet IT (m — i['/2) = (982 — i46) MeV /c* and in sheet III (1006 — i49) MeV/c?.
The relevant value closest to the physical sheet for an object appearing as a resonance below
the second threshold is sheet II, and hence we obtain a mass and a width for the a((980),
including the uncertainties from the underlying parameters: m = 982 + 3 MeV/c? and
[ =92 +8 MeV/c?. The full width at half maximum of the 77 peak in fig. 9 is 45 MeV /¢?,
which is about half the resonance width.

We have introduced the ay(1450) into the same K-matrix, but have not considered its
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coupling to the mn channel, since it is far away from both thresholds. We have probed the
significance of this resonance by fitting the Dalitz plot for fixed values of the ay(1450) contri-
bution, leaving its mass and width at the values found for the best fit. The x? dependence of
the ag(1450) contribution is displayed in fig. 10. For a contribution of 0.5% the Ax? reaches
100; if ag(1450) is omitted Ax? = 150.

From SU(3)-flavour symmetry assuming that ao(1450) is the gg octet state and the
relative creation of @wu or dd versus s is equally probable, we predict the relative coupling

of the ay(1450) to KK and 7:

B(ao—) RK) 1 IR K
1450)) = = 2
T (CLO( )) B(a0_> 71—77) 2 cos? ¢ Qry , ( )

where ¢ = 54.7° 4+ Ops. With a pseudoscalar mixing angle from ref. [31] of 0pg = —(17.3 +

1.8)? and phase space evaluated at m = 1480 MeV/c? we obtain:
r1(a0(1450)) = 0.69 = 0.03 . (21)

The error is determined by the uncertainty in the pseudoscalar mixing angle. With the

branching ratio B(pp— agm; ag—7n) = (10.05 £ 1.80) - 10~ from ref. [1] we obtain:
r1(ao(1450)) = 0.88 £ 0.23 , (22)

which agrees with eq. (21). Recently, we also published the branching ratio for the =%’
decay of this resonance extracted from the partial wave analysis of the final state 7°7%’ of
pp annihilation at rest ref. [2]. Summarizing, we find the following ratios of branching ratios

compared to flavour SU(3):

T KK '

SU(3) 1. 0.69£0.03{0.3940.04

Crystal Barrel 1. 0.884+0.23(0.35+0.16

The isovector scalar resonance ay(1450) is well described by the decay pattern predicted

by flavour SU(3). Hence, it naturally finds its place in the 0" nonet.
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We now compare the branching ratio of a(1320), B(pp (*Sp ,3S1)— aom; ay— KK) =
(14.85 £ 1.94) - 10~* from this analysis with the value from bubble chamber work ref. [18]
B = (1244 1.9) - 107%. There the a5(1320) mass was found below 1300 MeV. We explain
this mass shift by the interference with ay(1450). For the ratio of a3(1320) production from

the initial states 'Sy and ®S; we get:

. B(pp('So)— aom) o 1.3
f= B(ﬁp(351)—> (127T) - 4'21_1.6 ) (23)

compared to f = 3.0 &+ 1.5 from ref. [17]. However, we do not attach much significance
to this agreement because of the large errors. The relative decay ratio of as(1320) from
the present analysis and the 7% result ref. [1] B(pp('So)—a2(1320)7°%; a»(1320)—7'9) =
(1.94£0.3) - 1072 is:

B(CLQ—) KK)

r1(az(1320)) = B(ay— )

=0.21700s. (24)

PDG [16] quote 71(a2(1320)) = 0.34 4+ 0.06. In the recent analysis of the reaction pp —
7070 ref. [2] we found B(pp(1Se)— a2(1320)7°; as— 7%') = (6.4 +1.3) - 1075, which gives
a relative decay ratio:

B(ay— ')

r9(a2(1320)) = Blayss 71)

= 0.034 + 0.009 , (25)

while PDG gives r3(a2(1320)) = 0.039 & 0.008. Both agree.

Let us now discuss the impact of the present analysis on the interpretation of the I =0
scalar resonance fy(1500), which we have observed earlier in different final states of pp
annihilation from 'Sp. It was found [9] that the f;(1500) contribution to the final state
K K;7° of pp annihilation at rest depends on the contribution of ay(1450) (see fig. 11).
We can now eliminate this correlation using eq. (1). The branching ratio for f;(1500) is
determined to be B(pp — fo(1500)7; fo(1500)— KK) = (4.52 £ 0.36) - 10~%. SU(3) flavour
symmetry predicts for a pure 5s meson a coupling of KK relative to 77 of r = co and for a
(4w + dd) meson r = 5. With B(pp — f5(1500)m; f5(1500)— 7°7°) = (8.1 +2.8)-10~* from

ref. [3] we calculate:
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_ B(fO_> RK) . Arn
B(fo— mm)  qik

= 0.24+0.09 (26)

Ratio (26) makes the interpretation of fy(1500) as Ss meson rather unlikely. Its decay
branching ratios are similar to those of a (u#u + dd) meson. The scalar nonet can be con-
structed from Crystal Barrel investigations with fo(1370)(I = 0), ag(1450)(/ = 1) and
K*(1430)(1 = 1) as in ref. [32]. The position of the w - like partner of a nonet is already
occupied by fy(1370). The supernumerary status of fy(1500) is supported by its small width
compared to the nonet members [33,34]. The glueball interpretation of the fy(1500) based

on its couplings is discussed in ref. [35,36]. According to these calculations the ¢ - like scalar

meson has to be found at masses above 1600 MeV /c?.

V. CONCLUSIONS

We have measured the K, K*77 final state of pp annihilation at rest with five times more
statistics than previous bubble chamber experiments. We established the K K decay mode
of a¢(1450) by a partial wave analysis in the isobar model and formulated the dynamics
in the K-matrix formalism. The branching ratio is B(pp — ao(1450)7; ag(1450)— KK) =
(8.88+1.68)-107*. The mass and width are m = 1480430 MeV /c? and I' = 265+15 MeV /¢?,
respectively. We were also able to determine the branching ratio for fy(1500):

B(pp — 7£3(1500); fo(1500)— KK) = (4.52 £ 0.36) - 10~%.
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VII. APPENDIX

Simulated intensity distributions of the transition amplitudes involved in the partial wave

analysis of the K; K*7F Dalitz plot are shown in fig. VIL
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particles were assumed to be pions (see text). Region (B) corresponds to K7 K*7T events.
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FIG. 12. Partial waves
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TABLES

TABLE I. The resonance contributions and the relative production phases. Negative a, means

a phase offset of 7.

resonance 1(pp) relative intensity [%] aq Oo [rad]

1So 62+5

K*(892) 0 7.5+£1.0 -1.45 0.0
1 1.1£04 0.64 3.9

K S-wave 0 30.3£7.0 -2.49 6.0
1 4.7+2.0 3.45 5.5

a0 (980) 0 72403 12.53 0.4

ap(1450) 0 10.8 £ 2.0 1.27 4.6

KK P-wave 1 3.2+0-0 0.60/1.72 3.8/5.9

a2(1320) 0 146130 2.30 4.3

sum 79.4 +8.0

381 38+4

K*(892) 0 5.5+ 1.5 0.87 0.0
1 20.2+3.0 1.97 5.3

KK P-wave 0 32+1.0 -0.4/1.3 0.1/2.2

a9(1320) 1 52+1.6 1.10 5.4

sum 34.1£3.8

total sum 113.5 £ 8.9

34




TABLE II. Branching ratios of the meson resonances R contributing to Kz K*n ¥, calculated

from relative intensities in table 1 and eq. 18.

13, B(pp -+ Rm — KKm) - 104

ao(980) 5.92 1916

ao(1450) 8.88 + 1.68

KK P-wave 1.75 T2

a2(1320) 12.00 1923

13, B(pp - RK — KK) - 104

K*(1430) I =0 24.91 + 5.83
I =1 3.86 + 1.65

K*(892) I;p=0 6.17 & 0.85
I =1 0.90 £ 0.33

359, B(pp - R — KKm) - 104

KK P-wave 2.63 + 0.83

a>(1320) 2.85 + 0.88

39, B(pp - RK — KKm) - 104

K*(892) I =0 4.52 + 1.24
I =1 16.60 + 2.54
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