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Abstract

q y 0The reaction pp™K K p was analysed for antiproton annihilations at rest at three hydrogen target densities. A
0strong dependence of the pp™fp yield on the quantum numbers of the initial state is observed. The branching ratio of

the fp 0 channel from the 3S initial state is more than 15 times larger than the one from the 1P state. A large apparent1 1
qq qqŽ .violation of the OZI rule for tensor meson production from pp-annihilations from the P-waves 1 q2 is observed:

Ž X 0 0. Ž . y3 y3R f p rf p s 149"20 P10 , significantly exceeding the OZI-rule prediction Rs16P10 . q 1998 Elsevierexp 2 2

Science B.V. All rights reserved.

1. Introduction

In recent experiments with stopped antiprotons at
Ž . w xLEAR CERN 1–4 a large violation of the

Ž . w xOkubo-Zweig-Iizuka OZI rule 5 in f meson pro-
duction was discovered. In some annihilation chan-

Ž .nels pp™fp ,fg the f production exceeds the
prediction of the OZI rule by a factor of 30-50. It is
remarkable however that the level of the OZI rule
violation turned out to be rather different in various
annihilation reactions and that in some final states
Ž .fh,fv no discrepancy with the OZI rule predic-
tion was found.

Another interesting effect was observed firstly by
w x 0the ASTERIX collaboration 1 in the fp channel

w xand confirmed by the OBELIX Collaboration 6 .
This reaction is allowed from two pp initial states,
3S and 1P because of C-parity conservation, but no1 1

contribution to f meson production from the 1P1

state was observed.
We have collected data, with stopped antiprotons,

of the
q y 0pp™K K p 1Ž .

annihilation reaction at three different target densi-
Ž .ties: liquid hydrogen LH , gaseous hydrogen at2

Ž .normal temperature and pressure NTP and gaseous
Ž .hydrogen at low pressure LP of 5 mbar. These

1 On leave of absence from Institute for Nuclear Research and
Nuclear Energy, Sofia, Bulgaria.

2 On leave of absence from Department of High Energy Physics,
Institute of Atomic Physics, Bucharest, Romania.

3 On leave of absence from Joint Institute for Nuclear Re-
search, Dubna, Moscow, Russia.

4 On leave of absence from Sahid Beheshty University, Teheran,
Iran.

three data sets permit the study of the reaction from
different mixtures of pp initial states, from dominant
S-waves in liquid to dominant P-waves at low pres-
sure.

The analysis of the KqKyp 0 final state is com-
plex, since all J P C initial states but the 0qq one can
contribute, and both Is0,1 isospin states can be

Ž .present with interfering amplitudes see Table 1 .
Because of this complexity, our spin-parity analysis
gives a set of best fit solutions, that we list in the

Ž .following see Table 2 . Nevertheless, a clean test of
q y 0the OZI rule in the pp™K K p annihilation is

already possible with the present analysis, because
the f peak is directly and clearly visible and some
quantitative results can be extracted which are com-
mon to all our best fit solutions.

Ž .The measurements for reaction 1 in liquid and
5-mbar hydrogen target are reported for the first
time. Moreover, our whole statistics in gas is higher

w xthan in the previous measurement 6 .

2. Experimental layout and data samples

The experiment was performed at the Low Energy
Ž .Antiproton Ring LEAR at CERN with the OBELIX

w xspectrometer 8 . The OBELIX apparatus consisted
of four subdetectors positioned around the axis of the
Open Axial Field Magnet, whose magnetic field
reached the maximum value 0.6 T along the beam
axis. The subdetectors important for the discussion

Ž .below are the Time-Of-Flight system TOF and the
Ž .big Jet Drift Chamber JDC . The TOF is composed

of two scintillator barrels, placed at a distance of 130
cm and coaxial to the beam. It is also used to trigger
on multiplicity and topology of charged particles
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Table 1
q y 0Ž w x.Intermediate states see PDG 7 allowed in the pp™K K p annihilation channel; L is the relative angular momentum between the

isobar and spectator
yq 1 yy 3 qy 1 qq 3 qq 3Ž . Ž . Ž . Ž . Ž .Intermediate state I 0 S 1 S 1 P 1 P 2 P0 1 1 1 2

" ) .K K 0,1 Ls1 Ls1 Ls0,2 Ls0,2 Ls2
" 0 .Ž .K p K 0,1 Ls0 - - Ls1 -S

0Ž .a 980,1450 p 0 Ls0 - - Ls1 -0
0Ž .a 1320 p 0 Ls2 - - Ls1 Ls12

0Ž .f 980,1370,1500 p 1 Ls0 - - Ls1 -0
X 0Ž . Ž .f 1270 , f 1525 p 1 Ls2 - - Ls1 Ls12 2

0Ž .f 1700 p 1 Ls0 - - Ls1 -js0
0Ž .f 1700 p 1 Ls2 - - Ls1 Ls1js2

0Ž . Ž .f 1020 , r 1450,1700 p 1 - Ls1 Ls0 - -

produced in the annihilation. The JDC is placed
between the two TOF barrels and is used to track
particles and to identify them by dErdX measure-
ment. The p beam momentum was 200 MeVrc for
the LH run and 105 MeVrc for the NTP and LP2

runs to provide the optimal conditions for the beam
w xstopping in the targets of different density 9 .

The experimental data for each target density
were collected with a multiplicity trigger that re-

quired the signal from the entering antiproton, 2 hits
in the internal TOF barrel and 2 hits in the external
one. The number of triggered events involved in the
present analysis are 10.4 million in the LH , 6.72

million in the NTP and 9.4 million in the LP hydro-
gen target. They correspond to 116P106, 74.6P106

6and 91.8P10 initial pp annihilations respectively.
ŽEvents with the presence of only two tracks with

.different charge in the JDC with length G20 cm

Table 2
X 0 Ž y4 . Ž .The results for S- and P-wave fractions of f p annihilation frequency in units of 10 in LH and LP 5 mbar hydrogen depending on2 2

2 Ž .the set of the transition amplitudes used. The corresponding x rNDF values are given as well; a notation like f 1700 means that for2 P

this amplitude only the allowed P-wave states were included into the fit

LH LH LP LP2 2
X X2 0 2 0Ž . Ž .Amplitude set x rndf f pp™ f p x rndf f pp™ f pS 2 P 2

)Ž . Ž . Ž .ISA: f 1020 , K 890 , f 1270 ,2
XŽ . Ž . Ž . Ž .a 1320 , f 1525 ,a 980 , Kp 2.87 0.47"0.08 1.74 15.0"1.32 2 0 S

Ž .ISAq f 1700 2.04 2.27"0.36 1.10 21.4"2.32
Ž .ISAq f 1650 2.06 1.89"0.21 1.32 6.9"1.00
Ž .ISAq f 1390,1500 1.81 1.59"0.25 1.59 4.8"1.90
Ž .ISAq f 1390,1500,1650 1.52 1.76"0.25 1.29 6.2"1.60
Ž . Ž .ISAq f 1700 q f 1500 1.48 3.59"0.70 1.15 20.4"2.62 0
Ž . Ž .ISAq f 1700 q f 1390,1500 1.47 3.10"0.64 1.14 22.0"2.22 0
Ž . Ž .ISAq f 1700 q f 1390,1500,1650 1.34 3.46"0.63 1.07 18.2"1.92 0
Ž . Ž .ISAq f 1700 q f 1390,1500,1650 1.33 3.39"0.70 1.10 22.4"2.12 0 S
Ž . Ž .ISAq f 1700 qr 1450,1700 1.53 2.58"0.48 1.10 23.0"2.32
Ž . Ž .ISAq f 1390,1500 qr 1450,1700 1.21 2.69"0.38 1.18 11.3"1.20
Ž .ISAq f 1390,1500,16500

Ž .qr 1450,1700 1.20 1.34"0.21 1.16 12.4"1.6
Ž . Ž .ISAq f 1700 q f 1390,15002 0

Ž .qr 1450,1700 1.13 4.22"0.82 1.04 20.2"2.3
Ž . Ž .ISAq f 1700 q f 1390,15002 P 0 S

Ž .qr 1450,1700 1.20 2.59"0.63 1.09 22.9"2.3
Ž . Ž .ISAq f 1700 q f 1390,1500,16502 0

Ž .qr 1450,1700 1.11 2.26"0.68 1.04 20.4"2.0
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were subjected to a 1C kinematic fit and those with a
x 2 value corresponding to a probability larger than

q y 05% to satisfy the pp™K K p hypothesis were
retained. The identification of both particles as kaons
was performed by dErdX measurements or TOF
identification in the case of ambiguity of the dErdX
selection cut. The events for which one track was
identified as kaon by the TOF and the second track

Žhad no time-of-flight measurement mainly due to
.the high probability of decay for slow kaons were

also accepted for further analysis.
Ž .The number of selected events for reaction 1 is

29441, 30358 and 36169 for the LH , NTP and LP2

data samples respectively. The corresponding
q y 0 ŽK K p Dalitz plots are shown in Fig. 1 upper
. ) "Ž .row . Two perpendicular bands from the K 892

decays are clearly seen for each experimental condi-
Žtion. Along the KK invariant mass direction the

.diagonal a strong signal from f is seen. It becomes
weaker in the low pressure data sample. One can see

also Kq Ky bands in the region of the
Ž . Ž . XŽ .f 1270 ra 1320 and f 1525 mesons. These2 2 2

bands are most prominent in the LP data.
The dominant background contamination surviv-

ing the kinematic fit is found to come from the
annihilation channels

q ypp™p p X 2Ž .
Ž .where X is a system of neutral pions with two
charged pions of momentum p G550 MeVrc. Itp

was verified by Monte Carlo simulation that these
events are centered around the theoretical TOF line

.for pions of Fig. 2b . Hence, the curves for the
dErdX and TOF selection cuts for kaons of Fig. 2
were optimized for the best rejection of this pionic
background without significant losses of the
KqKyp 0 events. The percentages of the pqpyX
events extending below the theoretical TOF line for
pions and invading the band chosen for kaon selec-
tion were estimated by the population of events

q y 0 Ž .Fig. 1. Dalitz plots for reaction pp™K K p at three different target densities top . The distributions of events from the background
q y q y 0reaction pp™p p X are shown in the center. The Monte Carlo simulation of the acceptance for the reaction pp™K K p is shown

in the bottom.
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q y 0Ž . Ž . Ž .Fig. 2. a d Erd X distribution for tracks of which satisfy the pp™K K p kinematic hypothesis; b time-of-flight TOF
b-distribution for tracks of events selected by kinematic fit and dErdX; the solid curves are theoretical functions of TOF for pions and
kaons, the dashed curves show the selection cuts for the final sample of KqKyp 0 events, the dotted curves show the selection cuts for the
pqpyX background sample.

above the pion line and are 2.6%, 2.2%, 2.7% for
LH , NTP and LP data respectively.2

The Dalitz plots with the background events of
Ž . Ž .reaction 2 are shown in Fig. 1 see middle row .

These background Dalitz plots were subtracted from
the KqKyp 0 ones during the fitting procedure.

Another source of contamination is due to events
from the reactions

" . 0pp™K p K p G550 MeVrc , 3Ž . Ž .p

q y 0 0pp™K K p p . 4Ž .
Ž . Ž .We simulated events for the reactions 3 and 4

applying the same cuts as for the events of the
KqKyp 0 reaction. From the measured frequency of

" . 0 w xthe K p K reaction from 10–12 and assuming
that the yield of the KqKyp 0p 0 reaction is at least
two times smaller than that of the KqKyp 0 reac-
tion, we estimated that the contamination from reac-

Ž .tion 3 does not exceed 2% and that from reaction
Ž . q y 04 is less than 1.5% for all K K p data samples.

Ž . Ž .The background events from reactions 3 and 4
were not subtracted and they affected the KqKyp 0

data samples subjected to the fit.
Ž .The acceptance Dalitz plots of the reaction 1 are

Ž .shown in Fig. 1 lower row for each target condi-
tion. These Monte Carlo events were generated ac-
cording to phase space, passed through the OBELIX
apparatus simulation and reconstruction code and
through the same selection cuts as the experimental
data. The acceptance is affected by the threshold of
the OBELIX apparatus for kaons with momenta

below 200 MeVrc, which cannot reach the JDC
because of the energy loss in the internal TOF barrel.
This effect leads to a 3%5% loss of events in the
experimental Dalitz plots.

3. Data analysis

In order to determine the yields of f and f X
2

Ž .mesons a spin-parity analysis of the reaction 1 was
done. It was assumed that the pp system annihilates
into KqKyp 0 through two-body intermediate states.
The elementary transition amplitudes were
parametrized in the framework of the isobar model
w x13 , considering the states listed in Table 1. They
have the form:

A P C p ,q s c Z P C p ,qŽ . Ž .ÝJ I , I J , I , I , L , l3 3
I , I3

= W p W q F q , 5Ž . Ž . Ž . Ž .L l I , I , l3

where p is the laboratory momentum of a resonance;
q is the decay momentum in the resonance rest
frame; I, I are the pp isospin and its third compo-3

nent; c are the Clebsch-Gordan coefficients;I, I3

Z P C are the covariant spin tensors which giveJ , I, I , L, l3

w xthe angular dependence 14 ; L is the isobar-spec-
tator relative angular momentum; l is the spin of the
isobar; the function F is the so-called Blatt-Weiss-

w xkopf damping factor 15 ; F is the isobar produc-I, I , l3

tion amplitude taken as a relativistic Breit-Wigner
function. For the non-resonant Kp system in rela-
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Ž .tive S-wave state, Kp , the analytical parametriza-S
w xtion of Tornqvist 16 was used. The total amplitude¨

from a given J P C state is

AT J P C s wi
P C Ai

P C p ,q , 6Ž . Ž . Ž .Ý J J
i

where wi
P C are free complex parameters of the fit,J

which describe the contribution of an intermediate
i Ž . Ž .P Cstate i and A p,q is from Eq. 5 . Each ampli-J

i Ž .P Ctude A p,q was normalized to unity using theJ
q y 0pp™K K p events generated following phase
Ž .space before apparatus distortion . The theoretical

Dalitz plots were obtained by weighting events of
the acceptance Dalitz plot with the corresponding
squared amplitudes.

To reproduce the experimental resolution of the
detector the theoretical Monte Carlo plots were filled
using the reconstructed momenta of particles, while
the amplitudes were calculated using the generated
momenta of KqKyp 0 events. This approach with
one Monte Carlo Dalitz plot for each amplitude does
not give the possibility of varying the width and the
mass of a resonance during the fit, but allows to
obtain more reliable values for the resonance yields
and improves the determination of their production
rates from different pp initial states.

2 w xThe x function subjected to the MINUIT 17
minimization program was defined as:

2Exp BG ThN yN yNŽ .i i i2x s , 7Ž .Ý 2 2 2
Exp BG Ths qs qsN N Ni i i i

where N Exp, N BG and N Th are the number of eventsi i i

in bin i of the experimental KqKyp 0, the back-
ground pqpyX and the total theoretical Monte Carlo
Dalitz plot respectively; s Exp ,s BG and s Th areN N Ni i i

the corresponding errors.
To decrease the statistical fluctuations, all Dalitz

plots were folded around the first diagonal, consider-
2Ž " 0. 2Ž . 0.ing only the case M K p )M K p . The

histogram bin size is 45 MeV 2rc4 ; the bins of the
experimental Dalitz plot with fewer than 7 events
were excluded from the x 2 calculation. In this way,
408 bins of Dalitz plots for each data sample are left
for the spin-parity analysis .

Ž .An initial set of amplitudes ISA , containing only
Ž . ) Ž .well-established states, includes f 1020 , K 890 ,-

Ž . Ž . XŽ .f 1270 ,a 1320 and f 1525 mesons with the2 2 2
w xmasses and widths fixed from the PDG 7 . Since we

could not distinguish KqKy states which differ only
Ž . Ž .by isospin, the a 980 and f 980 isobars were0 0

represented in the ISA set by one effective state,
Ž . Ž 2with the parameters of a 980 Ms975 MeVrc0

2 .and Gs65 MeVrc obtained in a recent analysis
" 0 . w xof the pp™K K p reaction 11 . It was checked

Ž .that a small variation of the a 980 mass andror0

width values did not lead to significant change of the
Ž .fit results. The Kp amplitude was also includedS

in the ISA set.
To decrease the number of free parameters the

fitting process was performed in several steps. Firstly,
the LH data were fitted assuming S-wave initial2

states only. Then, the LP data were fitted with the
the S-wave amplitudes fixed at the values from the
LH fit and free P-wave parameters. Finally, the fit2

of the LH data was repeated assuming the parame-2

ters of P-wave amplitudes obtained in step 2 and free
S-wave amplitudes. This iteration procedure was re-
peated several times to reach the best description of
the experimental data. Then the NTP data were fitted
with the parameters found for S- and P-wave ampli-
tudes, leaving free only the weights of the J P C

states.
The results of the fit with the ISA set are shown

in Fig. 3 by dashed lines. This set provides a rather
Ž q y.good description of the low M K K mass region

around the f peak and correctly reproduces the
Ž " 0. ) Ž .M K p invariant masses in the K 890 region.

However, the total fit quality is not good and the
x 2rNDF values are 2.87, 2.01 and 1.74 for the
LH , NTP and LP data fit respectively. One can see2

that the description of the experimental LH data is2

worse than that of the LP data. This could be due to
a lack of 0qq contributions in the ISA set, as the
scalar mesons could dominate in annihilations from
the S-wave and be less important in the P-wave.

For further improvement of the experimental data
Ždescription we add various amplitudes see Tables 1

.and 2 to the ISA set. For some resonances with not
well-established parameters we slightly varied the
mass and the width in order to test their influence on
the fit and on the results. The best description of the
data at 3 different target densities is obtained by

Ž . Ž .adding the contributions from f 1700 , f 1370 ,-2 0
Ž . Ž . Ž . Ž .f 1500 , f 1700 ,r 1450 and r 1700 states to the0 0
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Fig. 3. K "p 0 and Kq Ky invariant mass distributions for
q y 0 Ž .pp™ K K p annihilations in the H target: liquid top , gas at2

Ž . Ž .NTP middle and 5 mbar bottom . The results of the best fit and
the fit with the ISA set are shown by solid and dashed lines
respectively.

ISA set. The following masses and widths of the
isobars were used: Ms1390 MeVrc2, Gs340

2 Ž . 2MeVrc for f 1370 , Ms1500 MeVrc , Gs1200
2 Ž . 2MeVrc for f 1500 , Ms1650 MeVrc , Gs1750
2 Ž . Ž . Ž .MeVrc for f 1700 . For the f 1700 , r 14500 2

Ž .and r 1700 mesons the standard PDG parameters
w x7 were found to be good enough.

The results of the best fit are shown by solid lines
in Fig. 3.

4. Results and discussions

The annihilation frequencies of the pp ™
q y 0 0K K p channel and the pp™fp reaction for

each density of the hydrogen target are given in
Table 3.

The annihilation frequency of the isobar A wasi

defined as

N Exp Exp
q y 01 1 NA K K p2iA ii < <q y 0 P Cf s s w ,ÝK K p J
q y 0N ´ N ´PCp A p K K pi J

8Ž .

where N is the total number of antiproton annihila-p

tions, N Exp is the number of detected events for theA i

isobar A in the experimental Dalitz plot, ´ is thei A i

corresponding detection efficiency for A , N q y 0
Exp

i K K p

is the number of events in the experimental Dalitz
plot and ´ q y 0 is the detection efficiency for theK K p

q y 0pp™K K p events simulated following phase
< i < 2P Cspace. The parameter w is the weight obtainedJ

for the theoretical NAi
P C N 2 Dalitz plot.J

The total annihilation frequency of the pp™

KqKyp 0 channel was defined as

Exp2 q y 01 NK K pi
q y 0 P Cf s w . 9Ž .Ý ÝK K p J

q y 0N ´PCp K K piJ

Therefore, because of interferences between the reso-
nances, the total annihilation frequency is not equal

Ž .to the sum of the contributions 8 from all isobars.
The systematic uncertainty of the absolute anni-

hilation frequency determination was estimated by
measuring the yields of some known annihilation

Table 3
q y 0 0 Ž y4 .The K K p and fp annihilation frequencies in units of 10 for three densities of the hydrogen target. The last two rows of the

Ž .table collect previous results on the same reaction. LX is the result obtained by ASTERIX with the X-ray trigger, that in principle selects
w xpure P-wave atomic states 1

4 Ž .fP10 LH NTP LP 5 mbar2

q y 0Ž .f pp™K K p 23.7"1.6 30.3"2.0 31.5"2.2
0Ž .f pp™fp 4.88"0.32 2.47"0.21 0.92"0.10
0 1Ž .f pp™fp , P -0.1 with 95%CL1
0Ž . w x w xf pp™fp 3.3"1.5 20 1.9"0.5 1

w x w x Ž . w xprevious measurements 5.5"0.7 21 2.46"0.23 6 0.3"0.3 LX 1
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q y q yŽchannels such as pp™p p , pp™K K , pp™
q y 0.p p p using data collected with the minimum

bias trigger and with the multiplicity trigger used for
the KqKyp 0 data. Comparing the obtained produc-
tion rates it was found that the systematic uncertainty
of the annihilation frequency determination does not
exceed 8% for all three KqKyp 0 data samples. The
fp 0 annihilation frequency values are rather stable
and change only within 5% from the fit with the ISA
set to the best one. The fit also shows that the fp 0

yield is only due to the 3S amplitude contribution,1

since the weight of the 1P amplitude contribution is1

around zero. For the evaluation of the upper limit on
the 1P contribution the LP data sample was used,1

where P-wave annihilation is dominant. The MINOS
w x17 procedure of the MINUIT code was used to
obtain an estimate of the 1P fraction. It turns out1

1 Ž 0 . y4that f fp , LP -0.1P10 at the 95% confi-P1

Ž .dence level see tab. Table 3 .
The annihilation frequency of channel f is de-

fined as the product of the hadronic branching ratio
Ž P C .Br by the fraction F J ,r of annihilations of the

protonium atom from all the levels with given J P C

w xat a given target density r 18 . The annihilation
frequency of the fp 0 channel for the target of
density r is then

0f pp™fp , rŽ .
3 30sF S , r Br pp™fp , SŽ .Ž .1 1

1 10qF P , r Br pp™fp , P . 10Ž .Ž . Ž .1 1

In order to extract hadronic branching ratios one has
to know the annihilation fractions F for each target

w xdensity r. Following the notation of Ref. 19 , they
are expressed as:

33 3F S ,r s E S ,r f r , 11Ž . Ž .Ž . ž /1 1 S4

11 3F P ,r s E P ,r 1y f r , 12Ž . Ž .Ž .ž / ž /1 1 S12

Ž .where f r is the fraction of annihilations from theS

S-states, the numbers 3r4 and 3r12 are the statisti-
cal weights of the corresponding initial states.
Ž3 . Ž1 .E S ,r and E P ,r are the enhancement factors1 1

which reflect deviations from the pure statistical
population of the levels.

The F values are not known precisely in a model
w xindependent approach. If one follows Ref. 19 , where

Ž3 . Ž1 . Ž .the E S and E P factors of Eqs. 11, 12 turn1 1

Ž .out to be very close to 1 at all densities and f r sS

0.87, 0.42, 0.20 in liquid, gaseous NTP and 5 mbar
low pressure targets, respectively, then

30 y4Br pp™fp , S s 7.57"0.62 P10 , 13Ž . Ž .Ž .1

10 y4Br pp™fp , P -0.5P10 ,95% CL, 14Ž .Ž .1

i.e. the branching ratio from the 3S initial state is1

more than 15 times larger than the one from the 1P1

state. This fact shows a strong dependence of the
fp 0 production on quantum numbers of the initial
pp state. The indication of this selection rule, re-

w xported earlier in Refs. 1,6 , is now confirmed with
considerably larger statistics: the experimental num-
ber of f for our LP data sample is N s400"42,f

while the ASTERIX collaboration had only N s4f

w x"4 for the data sample under similar conditions 1 .
The results of the previous measurements

w x 01,6,20,21 of the fp annihilation frequency are
given in Table 3 as well. They are in agreement with
our values for the LH and NTP targets; in addition,2

the results for the 5-mbar hydrogen target are re-
ported here for the first time.

To study the OZI-rule violation for tensor mesons
XŽ .the yield of the f 1525 meson, which is mainly an2

ss system, has to be compared to the yield of the
Ž .f 1270 meson, which consists of light quarks. In2

the KqKyp 0 Dalitz plots shown in Fig. 1 the band
XŽ .from the f 1525 meson is weak for annihilations in2

liquid hydrogen and becomes more prominent for
annihilations in gaseous hydrogen. The yield of the

XŽ .f 1525 meson could depend on the interference2

with the near-by states. To give a feeling on the
XŽ . 0possible variation of the f 1525 p yield due to2

interference effects, in Table 2 we show the results
of the fit for different amplitude sets. The x 2 values
shown in the same table reflect the degree of fit
quality for each set of amplitudes used.

Looking through the values in Table 2 one can
see that to get a good description of the LP data
sample with x 2rNDFF1.1 it is enough to add only

Ž .the f 1700 state to the ISA set. Including more2

resonances in the fit does not improve the x 2 value
for the LP data considerably and the f X

p 0 yield2

from the P-wave remains rather stable and varies
y4 y4 Ž X 0between 18P10 and 23P10 all f p annihila-2

tion frequency values in Table 2 are corrected by
Ž X q y. w x.Br f ™K K s0.444"0.016 from 7 . If the2
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Ž .f 1700 state is not included in the analysis, the2

yield of f X
p 0 from the P-wave drops by a factor of2

two, but the description of the LP data becomes
worse.

The comparison of the f X
p 0 yields from the S2

and P-waves shows that the annihilation frequency
of this state from the P-wave is higher by a factor of
4%10 irrespective of the set of amplitudes. For the

Ž .best fit last row of Table 2 the corresponding yields
are:

X 0f pp™ f 1525 pŽ .Ž .2

s 2.26"0.68 P10y4 , LH , S-wave, 15Ž . Ž .2

s 20.4"2.0 P10y4 , LP, P-wave. 16Ž . Ž .
0Ž .To determine the pp™ f 1270 p annihilation2

q y 0frequency the pp™p p p annihilation channel
was used. In the KqKyp 0 final state there is strong

Ž . Ž .interference between the f 1270 and a 13202 2

states, whereas in the pqpyp 0 final state the
Ž .a 1320 contribution is absent. The relative S- and2

Ž . 0P-wave annihilation fractions for f 1270 p ™2

pqpyp 0 were taken from the results of the spin-
q y 0parity analysis of the pp™p p p reaction, per-

w xformed earlier by our collaboration 22 . In order to
get the absolute values of S- and P-wave annihilation

Ž . 0rates of the f 1270 p state, the corresponding2
q y 0pp™p p p annihilation frequencies were mea-

sured for each target condition using the data col-
lected with the minimum bias trigger. The obtained

q y 0Ž . Ž .f pp™p p p frequencies are 5.36"0.27 %,
Ž . Ž .5.16"0.26 % and 4.89"0.28 % for the LH ,2

NTP and LP data respectively. These data can be
Ž .compared to previous measurements 6.9"0.4 %

Ž w x. Ž . Ž w x. Žliquid 23 , 5.82"0.43 % liquid 24 , 5.20"
. Ž w x. Ž . Ž0.35 % NTP gas 25 and 4.85"0.50 % X-ray

w x.trigger from P-wave 25 . Then the S- and P-wave
0Ž .contribution to the f pp™ f p annihilation fre-2

Ž Ž q y.quencies corrected by Br f ™p p s0.566"2
w x.0.018 from 7 are

0f pp™ f 1270 pŽ .Ž .2

s 48.5"3.8 P10y4 , LH , S-wave, 17Ž . Ž .2

s 137.2"12.4 P10y4 , LP, P-wave. 18Ž . Ž .
The present KqKyp 0 analysis gives somewhat

0 Ž Ž q y.comparable results for f p using Br f ™K K2 2

w x.s0.023"0.003 from 7 , though with significantly
Ž . y4larger errors. For the best fit they are 13"10 P10

Ž . y4and 102"75 P10 for the S-wave f production2

in the LH annihilation data and for the P-wave f2 2

production in the LP data respectively.
X 0 Ž .Using the f p yields from Eqs. 15, 16 and the2

0 Ž .f p yields from Eqs. 17, 18 one obtains the ratios2

R f X 1525 p 0rf 1270 p 0Ž . Ž .Ž .2 2

s 47"14 P10y3 , S-wave, 19Ž . Ž .
s 149"20 P10y3 , P-wave. 20Ž . Ž .

These experimental ratios have to be compared with
the predictions of the OZI rule. For the quadratic

Ž X .Gell-Mann-Okubo mass formula the ratio R f rf2 2

is

R f Xrf s16P10y3 . 21Ž . Ž .2 2

For comparison with this prediction the experimental
ratios should be corrected by the different phase
space for f X

p 0 and f p 0 final states: RsR F.2 2 exp

There are different ways to calculate the correc-
tion factor F. Simple two body phase space correc-
tion gives Fs1.67 Ž2 Lq1., where L is the relative
angular momentum between the resonance and p 0

meson. A more elaborate approach based on the
Vandermeulen model of annihilation into two-body

w xfinal states 26 gives Fs1.08. Therefore, after
correction for phase space the value of R may only

Žincrease. Hence, the appreciable deviation espe-
.cially for P-wave annihilations from the OZI rule

Ž .prediction 21 cannot be attributed to the difference
in the f p 0 and f X

p 0 phase spaces.2 2

A previous measurement of the f X
p 0rf p 0 ratio,2 2

concerning only annihilations in liquid hydrogen tar-
w x Ž X 0 0. Ž . y3get 27 , is R f p rf p s 25.4"6.1 P10 .2 2

This ratio was derived from the spin-parity analysis
0 0 0of the pp™K K p annihilation channel with S-L L

wave amplitudes alone, which were constructed in
the K-matrix formalism. The fit of our LH data2

with an amplitude set similar to the one used in Ref.
w x Ž X 0 0. Ž . y327 gives R f p rf p s 19.8 " 3.5 P 10 ,2 2

which is in agreement with the reported value.
Ž X 0 0.In addition, the R f p rf p ratio of produc-2 2

tion from the P-wave is reported here for the first
time.

0The anomalously high yield of the pp™fp

Ž w x.channel could be explained see 28–30 by the
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)rescattering diagrams with K K in the intermediate
) 0 w xstate pp™K K™fp . The calculations 28,30

Ž .provide reasonable agreement within a factor two
with the experimental data on the fp yield for
annihilation from the S-wave. However, to explain
the suppression of the fp yield for annihilation
from the P-wave, in this approach one should assume

)an unusually small frequency of the K K amplitude
1 w xfrom the P channel 29 .1

To verify this conclusion, one may consider the
results of our spin-parity analysis concerning the

)annihilation frequencies of the K K final state at
different target densities given in Table 4. The yields,

Žcorresponding to the best fit solution last row of
1 ).Table 2 , show that the P contribution to the K K1

annihilation frequency is comparable with the 3S1

contribution and increase when the target density
decreases: this dependence is opposite to that of the
fp yield which decreases with decreasing the target
density. However, our fit is unable to distinguish
between the isospin Is0 and Is1 components of

)the K K amplitude. Therefore, in principle, it may
)occur that the observed increase of the K K yield

in the P-wave is due to the Is0 part of the ampli-
)tude, the Is1 K K state, allowed for rescattering

into fp 0, being suppressed for some unknown rea-
sons. The final answer to this question should be
given by our coupled channels analysis of the
KqKyp 0, K 0K "p . and pqpyp 0 final states,
which is now under way.

In any case, the rescattering mechanism is cer-
tainly not valid for the tensor meson production. In

X X 0w xRef. 31 the production of f in the pp™ f p2 2
)reaction via the K K and rp intermediate states

was considered. The calculated production rates of
f X from the S- and P- states are quite small, of the2

order of 10y6. This is far from the experimental
results, especially for P-wave annihilations, see Eq.
Ž .16 . Therefore, the large apparent violation of the
OZI rule observed for annihilation from the P-wave
cannot be explained by the rescattering mechanism.

Abundant production of the f meson from the
w xS-wave annihilation was explained in Refs. 32,33

on the basis of an additional production of f by
diagrams that are allowed by the OZI rule if the
nucleon wave function contains ss pairs. The intrin-
sic nucleon strangeness is assumed to be polarized as
indicated by recent deep inelastic lepton-nucleon

Table 4
) y4Ž .K K annihilation frequency in units of 10 at three densities

of the hydrogen target

Ž .LH NTP LP 5 mbar2

total 5.2"0.9 7.0"0.8 7.4"0.9
3from S 3.3"0.8 1.7"0.4 0.8"0.21
1from P 0.9"0.2 3.4"0.5 4.5"0.71

Žscattering experiments for review of the experimen-
w x.tal data see 34 . The polarization of the nucleon

strangeness explains the strong dependence of the f

production on the initial state quantum numbers. As
w xa test of the model, it was predicted in Ref. 32 that

strong apparent violation of the OZI rule should be
seen for the tensor meson production in annihilation
from the P-wave. Our experimental results support
this prediction.

q y 0In conclusion, the reaction pp™K K p was
analysed for antiprotons annihilation at rest at three
hydrogen target densities. A strong dependence of

0the pp™fp yield on the quantum numbers of the
initial state is observed. The branching ratio of the
fp 0 channel from the 3S initial state is more than1

15 times larger than the one from the 1P state. A1

significant apparent violation of the OZI rule for
tensor mesons in the P-wave pp-annihilations, pre-

w x Ž X 0 0.dicted in Ref. 32 , is observed: R f p rf p sexp 2 2
Ž . y3149"20 P10 , significantly exceeding the Rs
16P10y3 OZI-rule prediction.
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