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Abstract. The hadronic annihilation branching-ratios in quasi-two-body final states have been obtained
from the observation of the reactions pp—aTn~ 7%, KTK~ 7%, K*7TK° at rest in hydrogen targets at
different densities. The enhancement or suppression of specific hadronic channels connected to dynamical
selection rules is observed in the production of different resonances both in protonium S and P—waves,
systematically investigated for the first time. Besides the well known p(770)7 and a2(1320)7 enhancement
from 3S; and 'Sp partial waves, the dominance of one isospin source in K*(892)K production, well
established from S—waves, is confirmed also in P-waves (*So, I = 0; 351, I = 1; ' P, I = 0;2P1, I = 0; ® P,
I =1). In addition, the experimental data clearly show a strong suppression of ¢(1020)7 and ao(980)w
final states from P—wave which has a remarkable coincidence with K*(892)K pattern production.

1 Introduction

Most of the meson decay phenomenology can be described
correctly by means of the so called quark line rule [1].
Initially suggested as a purely empirical law and now un-
derstood, to some extent, within the framework of QCD,
it explains for instance the small width of the J/1 or why
the ¢ meson decays preferentially in K K. The success of

the quark line rule has suggested the search of equivalent
prescriptions at the quark level also in NN annihilation [2].

In many cases in fact, the measurements of NN anni-
hilation branching ratios in two body and quasi two body
(where quasi means resonant) final states show a strong
departure from the statistical behaviour, consisting in the
suppression of specific channels allowed by the conserva-
tion laws (in spite of the success of statistical models in
explaining some general features of NN annihilation like
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meson multiplicities, momentum distributions, etc.). The
occurrence of such a suppression represents the clearest
experimental indication that dynamical selection rules op-
erate also in the annihilation process.

Even so, the extraction of the underlying quark dynam-
ics from these annihilation branching ratios is a delicate
issue since also N N initial and final state interactions (scat-
tering) can modify the relative intensity of the different
annihilation channels. For these reasons the effectiveness
of this study relies on the availability of sets of branching
ratios relative to the different quantum numbers of the N N
system (isospin and angular momentum) and involving fi-
nal state mesons of different spin and flavour composition.

At present most of the available measurements come
from pp annihilation at rest in hydrogen targets. Annihi-
lations proceed from both the isospin I = 0 and I =1
and from two S—waves (1Sp and 3S7) and four P—waves
(1P, 3Py,2P; and ®P) with strength which depends on
the target density (see the description of the protonium
atom deexcitation in [3] and references therein). While S—
wave dynamics has been explored by means of systematic
measurements in liquid hydrogen targets (where the S—
wave contribution is dominant) our knowledge of P—wave
dynamics is still unsatisfactory. This is due both to the fact
that a smaller amount of experimental data from gaseous
hydrogen targets (where the P—wave contribution is con-
siderable) are available and to the fact that at least four
partial waves are usually involved.

This fact suggested us to extract from the coupled chan-
nel analysis of the reactions pp — 777~ 7%, Kt K~ 7% and
K* KT performed at three different densities of the hy-
drogen targets [3], the dominant quasi two body (QTB
in the following) branching ratios both from all S and P
partial waves.

Concerning these data, mainly two aspects have to be
underlined. First K K final state has been observed in two
different isospin configurations in order to guarantee a reli-
able control on the complex K and K K dynamics. Second,
each final state was observed in hydrogen targets of differ-
ent densities. This technique, developed and systematically
employed for the first time by the OBELIX experiment,
is based on a series of density dependent mechanisms in-
volving the protonium atom in the hydrogen medium ( [3]
and references therein) which lead to dominant S-wave
annihilation in the case of liquid hydrogen (LH), dominant
P—wave in low density hydrogen (LP) and comparable frac-
tions of S and P—wave in normal density (NP) hydrogen. In
this way a reliable control over the different partial waves
contributing to pp annihilation at rest is obtained.

The analysis described in this paper is mainly focused
on the resonances which dominate the decay channels ac-
cessible to the available three meson final states fo(980)m,
ao(980)m, ¢(1020)w, K*(892)K, p(770)7, f2(1270),
15(1525)m and a2(1320)7. The details concerning the QTB
branching ratio calculations and the analysis of the corre-
sponding experimental data are described in Sect. 2; Sects. 3
and 4 are devoted to the discussion of the results, and Sect. 5
to the conclusions.
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2 Data analysis

The starting point of the present analysis is represented
by the QTB fractions from all S and P partial waves of
pp system measured in the coupled-channel analysis of pp
annihilation in 7t7~ 7%, KT K—7° and K*K%F at three
different target densities (for details see Table 3 of [3] and
comments therein). In this analysis we add an interesting
piece of information represented by K*(892)K fractions
from each of the isospin sources (I = 0, 1) of the pp system.

In order to get the QTB annihilation branching ratios
these fractions have been divided by the inverse squared
of the appropriate isospin coefficients and resonance decay
branching ratios (assumed by the PDG [5] except for the
f0(980) resonance where the values [3] are used).

The central values of QTB annihilation branching ra-
tios are obtained by averaging a set of values corresponding
to coupled—channels analysis fits with good x?. From the
same set we evaluate also the associated systematic errors
which are expected to dominate the overall uncertainties.
The results are shown in Table 1 where the QTB annihila-
tion branching ratios from each S and P partial wave and
isospin source involved in pp annihilation at rest at differ-
ent hydrogen densities are listed. Any deviations from the
values calculated using the values of [3], which correspond
to the best fit solution, are due to the averaging procedure.

In the QTB annihilation branching ratios the hadronic
part of the process we are interested in depends on the
atomic physics involved in the pp system. Indicating by
BR?(p) the QTB annihilation branching ratio at the den-
sity p from the partial wave k in the final state j, by BR? the
hadronic QTB annihilation branching ratio and by W*(p)
the fraction of the partial wave k at the density p, we get
the following equation:

BRj(p) = W¥(p) BR} = fs,p(p) S* E*(p) BR} (1)
In the last equality the coefficients W¥(p) are expressed
in the notation of [6], where fg p(p) represents S or P—
wave fraction (fs = 1 — fp), S* the statistical weight of
the k'* partial wave (1Sy = 1/4, 35 = 3/4, 1P, = 3/12,
3Py = 1/12, 3P, = 3/12, 3P, = 5/12) and E*(p) the
enhancement factors which describe possible deviations
from the statistical distribution S*.

In order to extract the hadronic branching ratios BR?
the P—wave fractions fp(p) and the enhancement factors
E*(p) have to be evaluated first. To this aim we fit a rich set
of experimental data including two, three, and four mesons
pp annihilation branching ratios in different experimental
conditions (Table 2).

Asfar as these data are concerned, the following remarks
are necessary. The two meson pp annihilation at rest usually
occurs from two or three different partial waves with the
exception of the ¢m and KgK, final states, were only the
38, level is involved. Annihilation in 7t7— 7%, K+K 70
and KTK 7T final states takes place from five different
partial waves (1Sp, 351, 1Py, 2Py and 3P, while ® P is for-
bidden by selection rules) but, contrarly to two mesons,
through a partial wave analysis the contribution of each
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Table 1. Quasi two body annihilation branching ratios from pp annihilation at rest at different densities
(units of 107%)

Channel PW LH NP LP Final State
fo(980)w 1S, 0.49+0.16 0.27 + 0.09 0.13+0.04 atnn®
p 0.12+0.04 0.28 +0.10 0.40 £0.15
Total 0.6+0.2 0.54 +0.19 0.52+0.19
1Sy 0.46 +0.17 0.27 £ 0.10 0.12 £+ 0.05 KTK— 7Y
3p 0.10 4+ 0.04 0.27 £ 0.10 0.37+0.14
Total 0.6+0.2 0.5+0.2 0.49+0.18
ao(980)7 1S, 3.0+£0.3 1.75+£0.17 0.78 £0.06 KTK—r°
3p 0.04 £+ 0.02 0.10 £+ 0.06 0.13+0.08
Total 3.0+0.5 1.9+0.2 0.91+0.14
1S, 2.9+0.4 1.16 £ 0.17 0.54 +0.08 K*KxT
p <1073 0.0144+0.008  0.024+0.01
5p 0.04 £+ 0.02 0.07 +0.04 0.10 £+ 0.06
Total 29405 1.240.2 0.66 +0.15
#(1020)r 385 0.50 4 0.08 0.29 + 0.05 0.13 +0.02 KtK—x°
p <1072 <1072 <1072
K*(892)K 'Sy I=0 0.90 £ 0.11 0.53 +0.07 0.23 +0.03 KtK— 7
I=1 0.26 & 0.07 0.154+0.04  0.067 +£0.017
36, I=0 0.28 +0.05 0.16 +£0.03  0.072+0.011
I=1 2.034+0.14 1.19 4+ 0.08 0.53 +0.04
'p I=0 L=0 0.007 £ 0.002 0.96 £+ 0.07 1.3+0.10
L =2  0.0006 + 0.0007 0.08 + 0.08 0.11+0.11
I=1 L=0 0.00046+0.00017 0.067+0.015  0.09 =+ 0.02
L=2  0.0016 £ 0.0005 0.23 +0.02 0.31 +£0.03
5pp I=0 L=0 0.48 +0.05 1.2340.13 1.67+0.18
L=2 0.43 +0.04 1.09 £ 0.01 1.48 + 0.14
I=1 L=0 0.012 4 0.005 0.03+0.01  0.042 4 0.016
L=2 0.085 + 0.007 0.2174+0.018  0.29 +0.03
5p, I=0 0.150 4 0.014 0.38 +0.03 0.52 & 0.05
I=1 0.81 +0.06 2.06 +0.15 2.8+0.2
Total 6.3+0.4 9.0+0.6 9.9+0.7
1S I=0 0.90+0.14 0.37 +0.07 0.17 +0.03 K*Kox+
I=1 0.20 + 0.06 0.0840.02  0.038 + 0.009
36, I=0 0.29 + 0.06 0.1240.02  0.055 4+ 0.010
I=1 1.6 +£0.2 0.64 £ 0.09 0.30 £+ 0.05
'pp I=0 L=0 0.007 4 0.002 0.68 + 0.10 0.98 +0.14
L =2  0.0006 + 0.0007 0.06 + 0.05 0.08 + 0.08
I=1 L=0 0.0005=+0.0002 0.051+0.014 0.07+0.02
L=2  0.0015+ 0.0005 0.16 + 0.02 0.22 +0.03
5pp I=0 L=0 0.49 + 0.08 0.87+0.14 1.240.2
L=2 0.43 4+ 0.06 0.76 £0.11 1.08 £0.16
I=1 L=0 0.012 4 0.004 0.021 4 0.008  0.029 4 0.011
L=2 0.088 4+ 0.012 0.16 + 0.02 0.22 +0.03
5p, I=0 0.15+0.02 0.27 +0.04 0.39 4+ 0.06
I=1 0.69 + 0.09 1.2340.18 1.840.3
Total 4.8+0.6 5.3+0.7 6.4+0.9
p(770)7 1S, 1.440.3 0.77+0.15 0.36 £ 0.05 atnn0
39 49+ 3 26 + 2 9.6+1.0
'p L=0 0.01 +£0.01 0.5+0.3 0.7+0.5
L=2 0.3+0.3 T+1 10.6 + 1.0
5p L=0 24404 584+1.2 842
L=2 0.03 +0.04 0.06 + 0.09 0.09 +0.12
3p, 0.95+0.2 2.3+0.6 3.3+0.9

Total 54+ 3 43+ 3 33 +2
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Table 1. (continued)

Channel PW LH NP LP Final State
f2(1270)7 1Sy 2.7+0.2 1.54+0.7 0.7+0.4 atr
3P 3.0+0.4 7T+4 10+ 6
3P, 0.88 4 0.07 214+1.0 3.0+1.7
Total 6.6 +0.7 10.6 £ 1.1 13.9+1.4
150 2.64+0.8 1.5+04 0.74+0.2 KYK—x°
3P 3.0+0.6 7.64+1.7 10+ 2
3Py 0.90 + 0.2 2.34+0.6 3.14+0.8
Total 6.5+ 1.7 11+3 14+4
f5(1525)7 150 0.10 £ 0.02 0.056 £ 0.012 0.025 =+ 0.006 KYK—x°
3P 0.078 £ 0.008 0.20 & 0.02 0.27 +0.03
3Py 0.05 + 0.02 0.11 £+ 0.05 0.16 & 0.06
Total 0.22 4+ 0.02 0.37 4+ 0.05 0.45 4+ 0.08
a2(1320)7 150 1224+ 1.8 714+1.0 3.24+0.4 KtK—x°
3p 0.18+£0.15 0.5+04 0.6 +0.5
3Py 0.5+0.1 1.3+0.3 1.7+0.4
Total 13+3 89+1.9 55+ 1.1
150 12+2 5.0+0.9 2.3+0.4 K*KrF
39, 33405 1.3+0.2 0.6+0.1
p 0.03 +0.01 32404 45406
3P 0.19+0.15 0.34+0.2 0.54+0.4
3P, 0.51+0.14 0.9+0.3 1.3+0.4
Total 16+ 4 11+2 9+2

level can be evaluated separately. The same considerations
hold in the case of 7(1440)7+7~, produced from the 1Sy
level, and the #*7#~ 7T 7~ final state, which occurs from
all S and P partial waves. The partial wave analysis of this
channel provides, besides, the only annihilation branching
ratio from “pure” 3Py level so far available. A crucial part
of this approach relies on the availability of these branch-
ing ratios in hydrogen targets of different densities since
changes in branching ratios are due only to the atomic part
of the process i.e. the coefficients fp(p) and E*(p) (see (1)).

The data were fitted by minimizing the chi-square func-
tion and by requiring the following additional conditions:
(i) 7*7n~ and KT K~ measurements with X-rays coinci-
dence were assumed as coming from pure P—waves; (ii)
7T~ T r~ branching ratios measured in gaseous hydro-
gen at 3 bar were treated as N P data; (iii) 7°7%, 7% and
nm branching ratios in liquid hydrogen were excluded from
the fit (see Table 2). Concerning the hyperfine levels the
following different assumptions were done:

(a) statistical distribution, imposed by fixing E*(p) = 1.
The poor x?/ndf = 5.5 obtained shows that the data
are not compatible with this hypothesis;

(b) enhancement factors fixed to the values derived from
cascade and NN potential models [6] (Table 3). Also
in this case the agreement is unsatisfactory (x2?/ndf =
5.02) expecially for the LH 'P; and ®P; data from
spin-parity analyses;

(¢) Freeenhancement factors. In this case we get a very good
description of the data, with x? /ndf ~ 1.25, but several
solutions with different enhancement factors are found
with similar x2. This instability, already experienced

in previous analyses [24], is due to the non-linearity of
the problem and seems not to be solved;

(d) To get results unaffected by stability problems we as-
sumed, like in [24], a statistical distribution of the fine
structure levels at low pressure hydrogen (E*(LP) =
1). This hypothesis is also supported by the predic-
tion of the cascade model [6]. A good solution, wihout
ambiguities, is found with x?/ndf = 1.34.

The values of the enhancement factors and P—wave frac-
tions found by the last hypothesis are reported in Table 3.
For comparison we report also the values corresponding
to the assumption (b). As expected, the P-wave fractions
are controlled by the hydrogen density, nevertheless the fp
values obtained show clearly that the P—wave contribution
cannot be neglected even in liquid hydrogen. Enhancement
factors different from one are observed above all in liquid
hydrogen from 'P;, 3Py and 3P; levels. The comparison
with the model predictions [6] shows a good agrement for
the 3 P, level, but a strong disagreement for the other levels.
In particular the ! P; suppression in LH, strongly requested
by the spin-parity analysis data, is not explained by any
cascade model and has never been requested by previous
analyses of two meson branching ratios. This result is found
in 7t~ spin—parity analysis (see Table 4 of [22]) and
even more evident in the coupled—channel analysis [3].
To get an insight into the controversial problem of the
7979 branching ratio in liquid hydrogen, using the fit pa-
rameters we can calculate the expected value (0.49+0.05) x
1073 to be compared to the ones listed in Table 2.
Following equation (1) and given the fs p(p) and E*(p)
values listed in Table 3, the QTB hadronic branching ratios



The OBELIX Collaboration: Dynamical selection rules from pp annihilation at rest in three meson final states

Table 3. Chisquare, enhancement factors E*(p) and P-wave fractions fp(p) obtained by fitting the pp annihilation
branching ratios into two, three and four mesons of Table 2 according to different assumptions: first block: fit b
(enhancement factors given by [6] (DR1 model)); second block: fit d (enhancement factors at low pressure fixed to

Table 2. Branching ratios into two, three and four mesons from pp annihilation at rest at
different densities (units of 1072). (AV): average over the existing measurements (see [7]). (7):
measurement made requiring the X-ray coincidence. (*): hydrogen density corresponding to
a target pressure of 3 bar

Channel LH Ref. NP Ref. LP Ref.
atr 3.1140.11 AV 4.29+0.12 AV 4.26+0.11 8]
484051 9]
707 0.28 4 0.04 [10] 1.340.2 [11]
0.69 + 0.04 [12]
7°n 0.09 + 0.02 [13]  0.3440.07 [14]
0.21240.012  [15]
m 0.08 £ 0.03 [16]  0.2740.07 [14]
0.164 4+ 0.014  [17]
KTK~ 0.99240.017 AV 0.69 +0.04 [9) 0.46+0.03 8]
0.29+0.05 1 [9]
KsKr 0.78 4+ 0.03 AV 0.36 £0.04 AV 0.10+0.03 [18]
0.07+0.06%  [19]
KsKs 0.0044+0.003 AV 0.03+0.01 [19] 0.037+0.014  [19]
pr° 0.50 +0.03 AV 0.233+£0.013 AV 0.09240.010  [21]
atra° 1So 9.440.7 3] 4.940.4 3] 21405 3]
381 3642 3] 185+ 1.1 3] 7.940.8 3]
'Pr 0.05+£0.38 3] 9.940.8 3] 13.6+1.3 3]
5p 5.5+0.7 3] 12.0+ 1.0 3] 16.5 + 1.3 3]
5P 29403 3] 6.3+£0.7 3] 87+1.1 3]
Total  53.6 4+ 2.7 [21] 51.6 + 2.6 [21]  48.9+28 [21]
KTK~n° 'Sy 0.90+£0.07 [3]  0.52=£0.05 [3]  0.2240.04 3]
381 0.89£0.08 [3]  0.5240.04 [38]  0.2240.02 3]
P 0.002£0.02 [3]  0.57+0.08 [3] 0.78+0.12 3]
5L 0.4140.05 [38]  1.0140.09 [3] 1.3840.14 3]
5P, 0.1640.05 [3] 0.4040.12 [3] 0.5540.16 3]
Total ~ 2.37 +£0.16 [21]  3.0340.20 [21]  3.1540.22 [21]
KEK9rT 'Sy 1.1240.18 [3] 0.4540.07 [3] 0.2040.04 3]
381 1.09+0.18 [3] 0.4340.06 [3] 0.1940.03 3]
P 0.006 +0.05 [3] 1.240.2 3] 1.74+0.3 [3]
3P 0.6040.12 3] 1.0240.17 3] 1.5+0.3 3]
5P, 0.3540.08 3] 0.5940.13 3] 0.8440.19 3]
Total ~ 3.16 4 0.40 [35]  3.6440.50 [35]  4.3240.60 35]
n(1440)7 7~ 0.63 + 0.04 AV 0.29+0.04 AV 0.10 £0.02 [20]
atn atn~ 1Sy 10.94+0.5 [22] 5.4040.13*  [22]
3% 3244 1.4 [22] 184+ 3" [22]
‘P 0.54+0.3 [22] 39406" [22]
3P 6.940.5 [22]  9.74+14" [22]
3P 2.6+0.3 [22] 334067 [22]
5P 6.7+ 0.5 [22] 24+£3* [22]
Total  60.0 4+ 2.4 [22] 64+9" [23]

one). The quoted errors are estimated by the minimization program MINUIT

Density fp E'So E'51 E'D E°Po E'D E'P
LH 0.19 £ 0.02 1.032 0.989 0.856 2.556 0.685 0.964
NP 0.60 £ 0.01 1.020 0.993 0.974 1.288 0.929 1.000
LP 0.83 + 0.01 1.046 0.985 0.999 1.016 0.993 1.002

X% /ndf = 5.02
LH 0.20£0.02 1.23+003 092+00l 009+0.17 215+050 144+026  1.05=0.04
NP 0.60+0.02 1.19+0.06 0944002 087+0.04 097+040 0.96+0.20  1.11+0.04
LP 0.84 + 0.01 1 1 1 1 1 1

X2 /ndf = 1.34

181
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Table 4. Hadronic branching-ratios of pp annihilation in quasi two body final states (units of 107%). See text for the

details
Channel 1Sy 39 'p 5p 3P,
fo(980)7 2.3+0.3 1.7+£0.3
ao(980)m 129+ 0.9 0.05 £0.08 0.51 £0.14
#(1020)7 1.00 + 0.09 <1072
K*(892)I_( 1=0 4.04+0.3 0.51 £0.04 6.0+0.3 L=0 7.0+£0.5 L=0 1.34+0.06
0.07£0.07 L=2 6.2+ 04 L=2
I=1, Kt K~ =° 1.34+0.2 4.0+0.2 045+0.08 L=0 019£0.05 L=0 79404
1.594+0.12 L=2 1.44+0.1 L=2
1=1, K*K°7F  0.81+0.13 254+0.2 0.35+0.07 L=0 0.14£0.03 L=0 5.24+0.5
1.094+0.12 L=2 1.074+£0.12 L=2
p(7T70)T 7.0+0.8 89+4 22421 L=0 37+6 L=0 93+14
50 £ 4 =2 0414+034 L=2
f2(1270)7 12.1+0.7 47+ 4 84+0.5
f2(1525)7 0.45 £ 0.06 1.27+£0.12 0.44+0.11
a2(1320)7 53+5 5.3+0.7 22+14 25+09 4.3 +0.6

BR? can be extracted from the measured QTB annihila-
tion branching ratios BR?(p) of Table 1 by means of a
fitting procedure. In order to take properly into account
the W¥(p) errors due to the fs p(p) and E*(p) uncertain-
ties, the following log-likelihood function was minimized:
(BRS(p) = W*(p)BR})?

2
iy OBRE(p)2 + Wk (p) 2BRY

—2InL =

+ 3" W(SBRY(p)* + 6W*(p) *BRE’) + cost.
k.j.p

The results obtained are listed in Table 4 (x?/ndf = 0.74),
will be presented in the next Section.

3 Main results

fo(980)7. Due to closeness to KK threshold, and to the
underlying non-resonant background, the f,(980) physical
state turns out to be strongly distorted. For this reason we
decided to calculate the QTB branching ratios approximat-
ing the physical state by a Breit Wigner function [4]. The
values obtained from 7*7~ 7% and K+ K 7Y final states
are in very good agreement (see Table 1).

a9 (980)m. The values of a¢(980)7 QTB branching ratios
listed in Table 1 are obtained assuming the I'(K K)/ I'(n)
mean value quoted by PDG [5] by neglecting all the other
decay modes (in this way we get I'(KK)/ Do = 0.15 &
0.02 and I'(nm)/ I'rot = 0.85 £ 0.02). The present liquid
hydrogen measurement can be compared to the previous
determination in 7077 final state (2.940.7) x 1072 [26] and
in KT*KY7T final state (3.941023) x 1073 [27] obtaining
a satisfactory agreement. The measurements at different
densities can be compared only to the previous OBELIX
determinations in K= K97 final state (LH: (2.960.60) x
1073; NP: (1.49+0.25) x 1073; LP: (0.5240.13) x 1073) [35]
which are also compatible within the experimental errors.

The coupled channel analysis [3] shows clearly that the
a0(980) 7 production from the P-waves of pp system, even
if allowed by selection rules, is suppressed with respect
to S—wave (see Tables 1 and 4). This fact, previously ob-
served in [35], is also suggested by the direct inspection
of the experimental data. In fact, as shown in [3] and [35]
lowering the hydrogen density, i.e. increasing the P-wave
contribution, leads to the suppression of the a(980) peak
in the K*KO7F final state. At present the origin of this
dynamical selection rule remains unexplained.

¢(1020)w. It is well known that the ¢(1020) production
in NN annihilation exceeds largely the predictions of the so
called OZI-rule, a decay scheme which has successfully ex-
plained the properties of many mesons and now is included
in the framework of QCD [1]. In the case of the ¢(1020)x
final state, the measured branching ratios (listed in Ta-
ble 1) lead to a violation of OZI-rule predictions by a factor
of 20-50 [28]. The listed values are affected by relatively
large errors due to the fact that the binning of KK~ 7°
Dalitz-plots was chosen to perform the spin-parity anal-
ysis, and was not optimized to resolve the ¢(1020) peak.
Reminding this fact, our liquid hydrogen measurement can
be compared to the value (65 + 6) x 107> quoted in [31]
and to (48.8 4+ 3.2) x 1075 of [21]; NP hydrogen measure-
ment to (194 5) x 1075 [32], (24.6 4+ 3.0) x 107> [34] and
(24.7 £ 2.1) x 107° [21]; and finally LP hydrogen mea-
surement to (9.2 £1.0) x 10~° obtained in [21]. As in the
a0 (980) case, the spin-parity analysis of the K+ K ~7 final
state shows that the large ¢(1020)7 production comes, al-
most completely, from 3S; even though also the ! P; partial
wave would be allowed by selection rules (see Tables 1 and
4). This feature of ¢(1020)7 production, directly exhibited
by the experimental data (the same comments done in the
case of ap(980)7 are valid), at present is unexplained.

K*(892)K. As far as K*(892) K QTB branching ratios
are concerned some specifications are necessary. This chan-
nel has not a defined G—parity so that each pp partial wave
contributes to the annihilation with both the I = 0 and
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I = 1 components coherently. This means that the total
K*(892)K branching ratio includes the I = 0 and I = 1
interference effect in each partial wave which, on the con-
trary, are excluded in the individual branching ratio evalu-
ation. For this reason the I = 0 and I = 1 QTB branching
ratios listed in Table 1 cannot be summed to get the to-
tal K*(892)K branching ratio. Moreover the K*(892)K
interference depends on the final state, and therefore its
branching ratio too. The total branching ratios quoted in
Table 1 are calculated following these considerations.

The K*(892)K channel branching ratios at different
densities was previously measured by OBELIX in the
KT K~7° final state (LH: (5.2 +0.9) x 1073; NP: (7.0 &
0.8) x 1073; LP: (7.4 4+ 0.9) x 1073 ) [21] and K* K%7F
final state (LH: (4.6 +0.6) x 1073; NP: (5.1£0.5) x 1073;
LP: (6.040.8) x 1072 ) [35]; and in LH by CRYSTAL BAR-
REL (4.2 £0.3) x 1073 [36]. These values agree, within
the experimental errors, with the determinations reported
in Table 1.

The pp annihilation in K*(892) K from S—wave exhibits
a very interesting dynamical selection rule consisting in the
suppression of one of the two allowed isospin components
i.e. I =1 in the 1Sy partial wave and I = 0 in the 35
partial wave. This result, obtained first in bubble chamber
experiments [37], and by CRYSTAL BARREL [38] in the
K*KO7T final state, is also confirmed by the present anal-
ysis (the ratios, calculated by means of the QTB hadronic
branching ratios, are indicated by [*]):

BR(pp — K*(892)K)1—1

0.15+0.04 [37]
[

1
Sp : — = = ¢0.15+£0.06 [38]
BR K*(892)K) =
(pp — K*(892)K)r=0 0.20 £ 0.03 [#]
_ N = 14+£8 [37]
35, ﬁggpp:];*ggggf_l = {37411 [39]
PP =0 49405 [+]
Our coupled-channel analysis fits the KTK~ 7% and

K* KT Dalitz-plots by means of the same production
parameters [3] so that the previous ratios can be evaluated
also in KT K~ 70 final state

BR(pp — K*(892)K)1—1

BR(pp— K*(892)K) 1~

~ [0.334+0.06 15,
78407 38

Contrary to K*K%7¥, in this final state both isospin
sources have the same interference pattern between K*+ K~
and K*~ K+ intermediate states, so that the previous ratio
is exactly the ratio of the I = 1 and I = 0 K*K production
processes.

The observed suppression of K *(892) K production from
38, I = 0 partial wave is connected to the related KK
production. The isospin decomposition leads to the follow-
ing expression of the ratio of branching ratios: BR(pp —
K+K7)/ BR(pﬁ—) KOKO) = |A0+A1|/|A0 —A1‘7 where
Agp and A are the amplitudes of the process correspond-
ing to I = 0 and I = 1 respectively. Experimentally [43]
the ratio in 3S; turns out to be of the order of one, re-
quiring one of the two isospin amplitudes to be negligi-
ble. The measurements of BR(iip — KTK2) [29] and
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BR(pd — K°K~p) [30], whose values are comparable to
the BR(pp — K K~) branching ratio, lead to the conclu-
sion that the I = 1 amplitude dominates K K production
from 39, partial wave.

The availability of experimental data at different den-
sities gives access for the first time to the investigation of
P—wave annihilation where we get the following results in
the KT K97 final state:

) _ 0.24+0.03 'P
BE(pp = K*S2)K)i= _ ) "99 4 0,015 '
BR(pp — K*(892)K);—o | .’ . :

R(pp — K*(892)K ) =0 3.94+04 Py

and in the KT K70 final state:

0.344+0.03 1P,
= ¢0.124+0.023P;
59404 3P

BR(pp — K*(892)K) 7,
BR(pp — K*(892)K);—o

The suppression of one of the two allowed isospin com-
ponents which operates in S—wave works also in P-wave
annihilation. Despite this fact, while in S—waves the ac-
tive isospin component has always positive G—parity, in
P—waves this simple rule is not confirmed. In fact we get
the following pattern of the dominant isospin components:
1507120; 3517121; 1P1,I=0; 3P1,I:0; 3P2,I:1.

p(770)w. The present determination of the p(770) 7
QTB branching ratio (see Table 1) can be compared to
(59 +3) x 1073 [45] in LH and to (29.4 +3.3) x 1073 [39]
in NP hydrogen. Other determinations, obtained without
a specific spin-parity analysis in our opinion are less re-
liable and will not be quoted. The fact that the p(770)x
channel branching ratio from 3S; I = 0 partial wave dom-
inates largely the 1Sy I = 1, is one of the most interesting
and clearly established dynamical selection rule operating
in NN annihilation ("pm puzzle’). The relative strength
of these sources is evaluated in our case using the QTB
hadronic branching ratios (indicated by [*]), while, in the
previous measurements, the ratios of branching ratios in
LH from 35 (divided by 3) and 1S, are used:

>13.8  [45]
BR(pp = p(T70)m,> S1, 1 =0) _ J17+7  [39]
BR(pp — p(770)w,t So, [ =1) | 124+ 1.2 [46]

12.7+ 1.6 [¥]

No ’pm puzzle’ exists from P—wave annihilation where all
partial waves contribute in a balanced way as shown in
Table 4. Nevertheless something unexpected happens in
the 1 P, partial wave where the p(770)7 production with
relative angular momentum L = 2 dominates the L = 0
component. This effect is clearly seen just by looking at the
experimental data. In the first row of Fig. 1 are represented
the slices of 77~ 70 Dalitz-plots under the p°(770) peak.
These give the outline of the neutral p(770) crest, which can
be produced only from 3S; and ! P; partial waves. The two
big peaks are generated by the interference of neutral and
charged p(770) signals. In the second row are represented
the projections, in the same invariant mass position, of the
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LH

NP

5 LP

0] 0.8 1.6 2.4 3.2
m?(n*/ " r°)
: ;
o] O
L L
0] 0.8 1.6 2.4 3.2 0 0.8
m?(n*/ " r°)

1.6

0 0.8 1.6 2.4 3.2

2,4 3.2
m2(r* ") m2(m* )

Fig. 1. Contour of the event distribution under the p°(770) peak in pp — 77~ 7° at LH, NP, and LP (first row). Contour of
p°(770) distribution from the single partial waves and angular momentum 3S;, *P; L =0, and *P; L = 2 (second row)

381,1P, L = 0and ' P, L = 2 partial waves. It is clear that
in liquid hydrogen the shape of the experimental data is
essentially controlled by the 3S; production. By lowering
the hydrogen density, two little narrow peaks appear at the
edge of the distribution. This characteristic shape, located
around the p°(770) peak, can be produced only by the
L = 2 component of the ! P; partial wave.

f2(1270)7. Due to the fact that f5(1270) resonance is
observed in 77 and K K decay mode, the f»(1270)r QTB
branching ratio at different densities can be determined
from 777~ 7% and KK~ 7Y final states. The values ob-
tained agree within the experimental errors (see Table 1).
The liquid hydrogen determination can be compared to
(4.34+1.2) x 1073 (7 Tw~ 7" final state [45]), ~ 6.4 x 1073
(707970 final state [26]), (3.1 £1.1) x 1073 (707970 fi-
nal state [31]) and (3.7 £ 0.5) x 1072 (K Kp7° final
state [47]). Of these values, only the second is obtained in
the frame of a spin-parity analysis which includes P—waves
in liquid hydrogen as it was done in our analysis. Mea-
surements at different densities in 77~ 7" are obtained
in [46] (LH:(8.5 & 0.6) x 1073; NP:(12.0 £ 0.9) x 1073;
LP:(13.7 £ 1.3) x 1073), these values agree, within the
experimental errors, with the present determination. No
particular dynamical selection rule seems to operate in this
case due to the fact that the significant f2(1270)7 produc-
tion takes place from all the allowed partial waves (see
Table 4).

f5(1525)7. Previous measurements of f5(1525)r QTB
branching ratio in LH can be found in the K;K;n° fi-
nal state (0.075 #+ 0.012) x 1073 [47] where pure S-wave
annihilation is assumed and in the KK~ 70 final state

from 1Sy in LH (0.226 4= 0.068) x 1073 [21]. The strong
disagreement of the first value with the OBELIX deter-
mination, could be due to the assumption made in [47] of
pure S—wave annihilation in LH which is, in our opinion, a
too drastic approximation. Concerning LP hydrogen, the
measurement of the f5(1525)7 production from P—waves
is (2.04+0.20) x 1072 [21], to be compared with our deter-
mination obtained by subtracting S—wave contribution in
LP branching ratio (Table 1) (0.43 4 0.07) x 1073. These
values are not compatible, but the following remarks are
necessary.

When [21] was published, the f;(1710) spin was not
clearly established so that both spin 0 and 2 hypothesis
was tested. Due to a marginal x? improvement (y? = 2.06
against x? = 2.04) the spin 2 was preferred and the quoted
P—wave f4(1525)7 branching ratio was given. For the sake
of completeness also the spin 0 hypothesis was explored
obtaining values ranging from (0.48 4 0.19)10~2 up to
(1.24 4+ 0.16)1073. In the last years evidences in favour
of the spin 0 hypothesis have been accumulated [5] so that
we are forced to accept lower values of the f1(1525)r P—
wave branching ratios, which agree approximately with the
present determination.

The ratio of f5(1525)7 and f2(1270)7 hadronic branch-
ing ratios can be used to test possible OZI-rule violation
effects in tensor mesons. From Table 4 we get the follow-
ing values:

(37+5) x 1073 18,
(27+3) x 1073 3P
(52 +13) x 1073 3P,

BR(pp — f5(1525)m)
BR(pp — f2(1270)7)
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to be compared to the OZI-rule theoretical expectation
Ry, = sz’/szx tan®(Og++ — 0ig) = 22 x 1073 (fg4+ =
28° [5]). These values seem not to require OZI-rule violation
effects, neither in S nor in P—waves.

ag(1820)7. In our analysis the as(1320) is observed in
KTK~ 7% and K* KT final states from different partial
wave sources, so that the total branching ratios are dif-
ferent. The LH measurement in the K+ K ~7° final state
can be compared only to (15.6 & 1.8) x 1073 [47], while
in K* KT final state the following value was published
(19.64+2.1) x 1073 [49], in agreement with our determina-
tion. The branching ratios in LH from 'Sy and 35, partial
waves are also available (19.9 4 5.5) x 1073 (4.5 + 1.8) x
1073 [37) and (24.4+3.7) x 1073 (5.841.8) x 1073 [38] and
can be compared to our determinations listed in Table 1.

The a2(1320)7 production from the 1Sy I = 0 partial
wave dominates largely the 3S; I = 1 ("agm puzzle’). Here
the relative strength of these sources are evaluated using
the hadronic branching ratios (indicated by [*]), while in
the previous measurements the LH branching ratio values
from 3S; (divided by 3) and 1S, were used

137 [37]

BR(pp — ag(1320)m," Sp, I =0)  J21+12  [50]

BR(pp — a2(1320)7,3 S, 1 =1) | 13+4 38
10.0 4 1.6 [¥]

The hadronic branching ratios in Table 4 indicate that the
1Sy I = 0 dominate also over all P-waves. Moreover among
P-waves, the enhanced ' P; contribution is observed.

4 Discussion of the results

As discussed in the previous Section, the present exper-
imental data clearly indicate the complete suppression
of ¢(1020)7 production from P—waves. Let’s concentrate
on this aspect by comparing the ¢(1020)7 (Table 1) and
#(1020)n [34] production branching ratios from * P; partial
wave obtained in LP hydrogen

BR(pp — ¢(1020) ) =< 0.1 x 1074 pr=1
BR(pp — ¢(1020)n) = (1.55+£0.35) x 104 1P, I = 0.

These values suggest that the P, ¢(1020)7 suppression
has not a kinematical origin, since it cannot be explained
by means of phase space correction which is ~ 30%. This
effect is probably related to some mechanism which favours
the ¢(1020) production from the ! P, I = 0 partial wave of
pp. The same branching ratios from 35 in LH (see Table 1
and [34] respectively) assume the following values:

BR(pp — ¢(1020)71) = (6.0 £ 1.7) x 107* 35, I =1
BR(pp — ¢(1020)n) = (0.49 £0.02) x 107* 38, [ =0

which are compatible with the existence of a mechanism
which enhances the ¢(1020) production from the 3S; I =
1 pp partial wave. It is really remarkable that, in each
partial wave, the dominant pp isospin in ¢(1020) production
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coincides with the dominant pp isospin in the K*(892) K
production. This fact seems to be compatible with K*K
rescattering models [44] which attribute the large ¢(1020)7
production, i.e. the large apparent OZI-rule violation, to
the rescattering between the K spectator and the K from
K*(892) decay.

By assuming this point of view the general features of
the dynamics involved in the annihilation process could be

the following:

- a fraction of meson dynamics which takes place in pp
annihilation is due to rescattering processes;

- in case the resonant states can be produced by pp system
the rescattering contribution turns out to be masked
from the direct production and, with the only limit
of selection rules, all partial waves contribute to the
production;

- in case the resonant state production from pp system is
suppressed the rescattering contribution can dominate.
In these cases, if rescattering process has some peculiar
trend, it can be recognized by the inspection of the
hadronic QTB branching ratios.

Following this scheme the K*(892) K rescattering process,
besides generating a large apparent OZI-rule violation, re-
flects its peculiar isospin pattern in the ¢(1020)7 produc-
tion, since its direct production is strongly suppressed by
OZI-rule. In this case, if we assume pm7m and K*K rescat-
tering contribution to ¢ to be of the same magnitude [43],
from Table 4 we can estimate the K* K rescattering con-
tribution from 3S; to be ~ 12%.

Like the ¢(1020), also the ag(980) 7 P—wave production
turns out to be suppressed, being produced abundantly
from 1Sy, fairly from 3 P; and negligibly from ' P;. Also in
this case the process seems to be driven by the K*(892)K
production. In fact the comparison of a¢(980)7 (Table 1)
and a(980)n [31] branching ratios from 1Sy LH

BR(pp — ao(980)7) = (30 £3) x 1074 18, I =0
BR(pp — ao(980)n) = (22 +0.7) x 107415y I =1

suggests a strong dominance of 'Sy I = 0 partial wave
in the ao(980) production (that also in this case cannot
be explained by means of phase space correction which is
~ 30%), while the low ! P; hadronic branching ratio agrees
with the suppression of 1Py I =1 pp source (in this case
a0(980)n branching ratio is not available). At first sight
this scheme cannot reconcile the low ®P; I = 0 hadronic
branching ratio of the ag(980)7 with the strong K*(892) K
production observed in this partial wave. In our opinion no
definitive conclusion can be drawn since K*(892)K is pro-
duced, with comparable hadronic branching ratios, in two
different angular momentum configurations (see Table 4)
which, in principle, can interfere destructively.

As in the case of the ¢(1020) a question arises. What
kind of mechanism suppresses the a(980) direct produc-
tion so that the peculiar pattern of rescattering processes,
i.e. the K*(892) K production, could be manifest? The idea
that ao(980) could be a molecular state [40] produced by
KK diffusion can explain this fact. Another possible in-
terpretation is offered by the four—quark hypothesis which
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assumes a ¢sgs structure of ao(980) [41]. In fact, experi-
mental data show the strong suppression of gggq states (the
I = 2 signal in 7ip — 777~ 7" is of the order of 3 x 1073
of the total [42]) and suggest an even stronger suppression
of four quarks ¢sgs states, i.e. of the a¢(980) production.
The latter hypothesis agrees qualitatively also with the
low hadronic branching ratios of fo(980)m from 1Sy I =1
and 3P, I = 1 partial waves. In fact, the four-quarks hy-
pothesis requires a ¢sgs structure also for f;(980) so that
a production driven by K*(892)K is expected also in this
case. Taking into account that K*(892)K 'Sy I = 1 and
3P, I =1 partial waves are suppressed we could explain
the relatively low f;(980)7 production.

Following the scheme so far discussed the peculiar be-
havior of ¢(1020) and a((980) (and also of f(980)) is traced
back to the unexplained isospin dependence of K*(892)K
production, which assumes, in this way, a fundamental role.
At this level the other remarkable dynamical selection rules
operating in S—wave i.e. the enhancement of p(770)m and
a2(1320)7 production from 3S; I = 0 and 'Sy I = 0 re-
spectively, turns out to be independent phenomena. The
possibility of connecting these facts could arise only in a
frame which relates the different resonances like the SUs
coupling scheme proposed in [48].

5 Conclusions

The measurement of the annihilation reactions pp — 7+
7= w0, KtK—79% K*7F KO at rest in hydrogen targets
of different densities give access for the first time to the
systematic investigation of P-wave dynamics. In addition,
the available two different isospin combinations of the K K7
final state allow the reliable separation of I = 0 and I =
1 meson dynamics (i.e. fo, ap and as isobars) and the
disentanglement of the interfering sources (the two isospin
components of pp system) of the K*(892) K final state. In
this way a decisive improvement in the analysis of this final
state is obtained. The main results are the following.

Similar trends characterize the f2(1270)7 and f5(1525)
7 production where all the allowed partial waves contribute
with comparable hadronic branching ratios. No relevant
OZI-rule violation effects are involved both in S and P
partial waves.

The strong dominance of ¢(1020)7 and ag(980)m pro-
duction from the pp system S—waves is clearly exhibited by
the experimental data and confirmed by the values of the
hadronic branching ratios obtained by the fit. The com-
parison between ¢(1020)7 (Table 1) and ¢(1020)n branch-
ing ratios [34] suggests a suppression mechanisms related
to pp isospin confirmed also by a(980)r (Table 1) and
ao(980)n [31] branching ratios from 1Sy liquid hydrogen
(at present a(980)n branching ratios from P-waves are
not available).

For the first time the K*(892)K production was ob-
served from P—waves. The dominance of one of the two
allowed pp isospin sources observed in S—wave works also
in P-waves with comparable intensities (1Sg, I = 0; 357,
I:L 1P1,I:O; 3P1,I:O; 3P2,[:1)
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The remarkable coincidence between the dominant iso-
spin sources of K*(892) K and ¢(1020)7 suggests the impor-
tant role of the rescattering processes in the final state dy-
namics [44] (this approach explains also the large ¢(1020)7
production in pp annihilation which determines the large
apparent OZI-rule violation). If we enlarge this scheme to
the a(980)m production, which exhibits the same charac-
teristics, a relevant part of the dynamical selection rules
observed in S and P—wave from pp annihilation are traced
back to the isospin dependence of K*(892)K production
which would assume in this way a fundamental role.

The p(770)7 and a2(1320)7 production turns out to be
strongly dominated by 2S; I = 0 and 'Sy I = 0 partial
waves respectively. The enhancement of these partial waves
represents the second fundamental feature emerging from
quasi two body pp annihilation. Contrary to the expecta-
tions we found that the largest part of ' Py, p(770)7 signal is
produced with relative angular momentum L = 2 instead
of L = 0. This is an interesting example of a dynamical
mechanism clearly related to the kinematics of the system.

This set of data shows clearly that selection rules of dy-
namical origin overlap the established SUs and SUs sym-
metries in modulating the production of quasi two body
final states. Clear indications suggest that these dynamical
selection rules operate at two different levels. In fact, some
of these (like the ¢(1020)7 production), seem to be related
simply to the rescattering of mesons in the final state and
are not significant as fas as the dynamics of the annihila-
tion process is concerned, while other, like the K*(892)K,
p(770)7, a2(1320)7 production seem to operate at a deeper
level and are related to the quantum number of pp system.
Most probably the latter are not independent (see for in-
stance the SU; coupling scheme approach [48]) and could
be basis for wider investigations.
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