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Abstract 

The study of the Kf~$ss~‘~‘Y channel (7016 events), from pp annihilations in a gaseous hydrogen target at NTP, 
with the OBELIX spectrometer at LEAR (CERN), is presented. A spin-parity analysis provides evidence for two axial 
vectors, one in the low KEn- mass region, the well established fr (12X5), decaying to uu(98O)?r, the second, the l++ 
component of the old puzzling E/L, the fl( 1420), decaying mainly to K’R, seen for the first time in pp annihilation at 
rest. The analysis confirms the dominant production of the pseudoscalar n( 1405), decaying mainly to (K?r)sZ?, and the 
existence of a second pseudoscalar in the same mass region, the T( 1460)) decaying mainly to K*R. @ 1997 Published by 
Elsevier Science B.V. 

1. Introduction 

The search for non-q4 mesons, states composed en- 
tirely of gluons (glueballs) or of a mixture of quarks, 
antiquarks and gluons (hybrids) or multiquarks states, 
has represented the main motivation of light meson 
spectroscopy over the last years, Since these objects 
are a direct prediction of Quantum ChromoDynam- 
its (QCD), an experimental confirmation would be 
an important test of the theory and would give funda- 
mental information on the behaviour of QCD in the 
confinement region. In addition, something has to be 
learned of the underlying spectrum of these states and 
in particular how they mix with standard qq states. 
Therefore, meson spectroscopy has become synony- 
mous of gluonium spectroscopy and since the scien- 
tific case looks at the heart of confinement physics, an 
appropriate definition of this field of research is more 
properly non-perturbative QCD or strong QCD. 

The beginning of gluonium spectroscopy can be 
dated with the discovery, in radiative J/X4? decay [ 1,2], 
of a surprisingly large signal in the Kf?n- effective 
mass spectrum. This signal was in the same mass re- 
gion (1400 t 1500 MeV) where a strong resonant 
peak had already been observed in jip annihilation 
at rest [ 31. The controversial experimental evidence 
coming from the spectroscopy of this mass region cre- 
ated an intense debate, still not concluded, known as 
“E/L puzzle”, which can be stated as follows. 

One, two, three or even more states, decaying to 
Ki?n-, VITT or p”( 770) y have been observed in the 
“E/L region” in a variety of different reactions and 
production mechanisms: there are experiments where 

’ On leave of absence from Joint Institute of Nuclear Research, 
Dubna, Moscow, Russia. 

* On leave of absence from IFIN-HH, Bucharest, Romania. 

only one resonance is observed with quantum numbers 
O-+ (for instance, pp at rest in the 7n-m mode [ 41) 
or If+ (for instance, central production [ 51) ; or ex- 
periments where two pseudoscalars are observed (for 
instance, pp at rest looking for KI?n- decay [ 61) ; or 
also experiments where three resonances are present 

(for instance, J/q radiative decay [ 7,8] ) . The con- 
siderable uncertainty on the decay modes, especially 
concerning the aon- contribution to the KKn- and vrr 
final states, is another important element of the puzzle. 

The interest to the case lies in the fact that some 
among those objects could be glueballs, hybrids, 
quasi-molecular or multiquark states. Concerning the 
two observed pseudoscalars (which are listed in the 
Review of Particle Physics under the unique v ( 1440) 

[ 91) : the ~7 ( 1405)) with dominant three-body decay 
(Kn-)sZ? in the KRT mode, seen also in the vn-rr 
final state, and the v( 1460) decaying only to K*i?, 
and not seen in the 77~~ mode, there are good argu- 
ments for considering one of them as an extra state 
not belonging to the 2’Sn nonet. The l+’ component 
of the E/L, the isosinglet fJ ( 1420), observed in the 
KRT final state and only weakly seen in the vn-r 
final state, can be considered as a good candidate for 
an extra state of the 3PJ nonet. 

For recent reviews on the E/L case, and re- 
cent experimental results, see Refs. [lo-141 and 

Refs. [ 15,161, respectively. 
In this paper, the study of the KkK&s~F~+~- 

channel, from pp annihilation in gaseous hydrogen 
at NTP, is reported. A spin-parity analysis was per- 
formed, according to which evidence was found for 
two axial vectors, one in the low Ki?n- mass region, 
the well established fi ( 1285)) decaying to ao( 980)7r, 
the second being the isosinglet l’+ component of the 
old puzzling E/L, the fJ ( 1420)) decaying mainly to 
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K*E, seen for the first time in pp annihilation at rest. 
The analysis confirmed also the dominant production 
[ 61 of the pseudoscalar 7 ( 1405)) decaying mainly to 
(Kn-) sZ?, and the presence of a second pseudoscalar 

in the E/L region, the r]( 1460), decaying mainly to 

K*Z? [6-S]. 

2. Data taking and event selection 

The experiment was performed at the Low En- 

ergy Antiproton Ring (LEAR) of CERN, using the 
OBELIX spectrometer (whose detailed description 
can be found in Ref. [ 171). OBELIX is a mag- 
netic spectrometer consisting of four subdetectors: a 
Spiral Projection Chamber (SPC) as vertex detec- 
tor, a Time-Of-Flight system (TOF) for trigger and 
TOF measurements, a Jet Drift Chamber (JDC) to 
determine momentum and energy loss (dE/dx) of 
charged particles, a High Angular Resolution Gamma 
Detector (HARGD) as electromagnetic calorimeter. 
The whole apparatus is immersed in a magnetic field, 
whose intensity reaches its maximum value of 0.5 T 
along its axis. Incoming antiprotons with a momen- 
tum of 105 MeVlc annihilated at rest in a gaseous 
hydrogen target at NTP. In investigating the pp + 

K&K’. n-=f=r+n-- nuss channel, only the information 

coming from TOF and JDC was used in the analysis. 
About 24 million 4-prong events were collected in 

18 days. A trigger requiring 4 hits in the inner TOF 
barrel, 3-4 hits in the outer barrel and at least one 
track with TOF 2 8.5 ns was employed [ 181, in order 
to select final states with at least one charged kaon. 
The enrichment factor provided by this trigger, with 
respect to minimum bias events, was 5. 

The data selection procedure was the same as in 
Refs. [ 6,191. The analysis program selected all events 

with 4 reconstructed charged tracks in the JDC and 
null total charge. Quality cuts, consisting in selecting 
events having good ,$-/track( < 1.5 for track length 
less than 30 cm, < 3 for other tracks), vertex ac- 
curacy better than 1 cm and momentum resolution 
Ap/p < lo%, were applied. Events having one or 
more tracks with a vertex impact parameter greater 
than 3 cm, were rejected. Details on the apparatus ac- 
ceptance have been given in a previous work [ 61. 

The I@’ was not detected but reconstructed by 
1C kinematical fit. The selection criteria were based 
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Fig. 1. The experimental and phase space (histogram) double-entry 

invariant mass distributions of the neutral KI??r system and the 

double charge K* K”,* mass distribution. 

mainly on the identification of the charged kaon 
by dE/dx. Particle identification was applied to all 
particles detected in the final state by requiring the 
presence of one particle with energy loss in the kaon 
region (pi < 400 MeV/c) and two other particles, 
with opposite charge to the kaon, with energy loss in 
the pion region. 

Channels like: 
- %-+n--~+7r-(nti) [n =o, l] 
- K+K-n-+n--- 
- K*K$-=+z~~.~) [n = 0, l] (e --+ r+r-) 
were rejected by kinematical fit and did not contribute 

to the @ missing mass region. 
The square missing mass distribution of the 

Kk6a+r- selected events shows a clear evidence 
of a @ signal. Under the @ peak it is present a 
residual contamination (25 f 5%) of events com- 
ing, above all, from the &~TT-&~TT-n~o (n > 1) 
channel, with one pion misidentified as a kaon, and 
from the K+K-7-r+v-r” final state, with one kaon 
decaying close to the vertex region. Such background 
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Fig. 2. The divided-mass-distributions for the: a) (Ki?q ) and, b) (Ki?n-~) combinations. 

has been extensively studied using Monte Carlo sim- 

ulations and experimental data. The contamination, 
which comes mostly from the second channel listed 
above, has a distribution which turns out similar to 
the phase space distribution, as observed also in our 
previous work [6]. The final number of events in 
the missing mass interval 0.21 < M2 < 0.31 GeV2, 
selected for the spin-parity analysis, was 7016. 

3. The KI?m mass distributions 

Fig. 1 shows the experimental and phase space 
double-entry mass distributions of the K'K&s~F 
system, together with the double charge K*@n-* 
mass spectrum. A prominent signal in the mass region 
around 1410 MeV is evident, with a strong departure 
from the phase space distribution. 

Due to the presence of two identical pions in the an- 
nihilation final state, the scatter plot Kf?n-1 vs KZ?YT~ 
must be symmetrical and can be folded with respect 
to the diagonal (by ordering, for example, the iden- 

tical pions such that m( KI?q) > m( KRn-2)). This 
way, the two single-entry mass distributions (folded 
scatter plot projections) have very different features. 
The KKn-1 invariant mass distribution shows a clear 
signal around 1410 MeV, and an enhancement around 
1280 MeV (which was not apparent in the double- 
entry plot). The KI?n-2 spectrum peaks around 1300 
MeV and looks very much alike the double-charge 
mass distribution, without signs of resonant activity. 

In order to emphasize resonant signals, the neutral 
KI?q and Ki?q mass distributions were divided by 
the equivalent Monte Carlo phase space (which takes 
into account the apparatus acceptance). Both a nar- 
row (I Z 30 MeV) signal around 1280 MeV and a 
wider and asymmetric peak around 1420 MeV can be 
observed in the Ki?n-1 divided-mass-distribution (Fig. 
2a). The Kl?n-2 divided-mass-distribution (Fig. 2b) 
does not show, on the contrary, any resonant structure. 
The asymmetrical structure of the peak around 1420 
MeV in Fig. 2a suggests the presence of more than 
one resonance in the 1380 f 1520 MeV mass interval. 

Indeed, in the sample of selected events, the Ievel 
of contamination background (expected to be around 
25% and proved to have a distribution similar to 
the phase space), decreases down to 14% when 
M(Kkn-2) < 1260 MeV, and it is only at the level 
of 8-9% in the E/L mass region (M( KI?TQ ) > 
1360 MeV). The KRrrl invariant mass distribution 
for such a reduced sample of events ( 1891 events) 
is shown in Fig. 3, together with the contaminating 
background spectrum. The mass bin width of this 
distribution was set equal to the experimental Ki?rr 
mass resolution (6.5 MeV in the E/L region). This 
single-entry spectrum, free from the combinatorial 
background and with a reduced contamination level, 
shows, in addition to the signal at 1280 MeV, hints 
for three sub-structures in the region between 1400 
and 1500 MeV. 
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Fig. 3. The Kl?q mass spectrum for M( Kl?jrrz) < 1260 MeV, 

together with the contaminating background. 

4. Amplitude construction for the 
fip --+ KfK~i,,n~dm- channel 

For the spin-parity analysis, the five-body final state 
was considered as a chain of two-body intermedi- 
ate states, according to the prescription of the isobar 

model. 

PP - A + B 
(KRn-) (rr) 

\ 
afb 

k/ \ 
~3 K 

(Kn-)l=l _= K*(892) 
(KZ?)i=o z ao(980) 

( KT) I=O 

The total amplitude, symmetrized for two identical 
pions, was constructed by summing all the elemen- 
tary amplitudes over all possible pp JPc states (J = 
0,l; P = f; c = +>: 

(1) 

Here y is a point in the g-dimensional phase space of ( 1) pp + Xrr, where X is a 1 ++ or a O-+ reso- 
the 5-body final state and nance; 

(2) 

where Ak are the elementary amplitudes, with x and 
4 free parameters. 

The elementary amplitudes for the pp -+ E/L mr 
process were the following: 

E/L + K*i? (1) 

(2) 

(3) 

Ak =A(~~)BW(E/L)[BW(K**)D(K**) 

+ G. BW( K*‘)D( K*‘)], (3) 

in which G is the E/L G-parity and D represents 
the angular component of the amplitude written 
according to the Zemach tensor formalism. For 

the energy part of the amplitude a standard rel- 
ativistic Breit-Wigner form (- l/ (s - in2 + i . 
m ’ r), with a constant width, and centrifuga1 
barrier factors (- ql) included in the Zemach 
tensors, were used. 
E/L + (Ki?)g-r 

Ak =A+-)BW(E/L)S~(K&D(KZ?), (4) 

in which the scalar Kf? threshold enhance- 
ment (the a0 (980) ) is described by a coupled- 
channel Flatti: function [ 201 (So( KR) ), with 
parameters taken from a recent work [ 2 11. 
E/L + (KTT)& 

Ak = A(~T)BW(E/L) [So(K*n-F)D(K*mF) 

+G-So(K%~)D(K%~), (5) 

where (KT)s - the (Km-) S-wave interaction 
used to describe the E/L direct three-body decay 
- is also parameterized by a scattering length 
function [ 221. 

The neutral dipion, recoiling against the Ki?r iso- 
bar, has a mass spectrum which does not follow a 
phase space like distribution. Since the dipion invari- 
ant mass does not exceed 500 MeV, it is reasonable to 
assume that the isoscalar 7rn- interaction takes place 
mainly with relative orbital angular momentum I = 0. 
The corresponding term in the amplitude was con- 
structed from a parameterization of existing data from 
literature [ 231 using a scattering length function. 

The reaction channels taken into consideration 
were: 
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(2) pp -+ fl ( 1285) rz-, with resonance parameters 
taken from the Review of Particle Physics [ 241; 

(3) FP + K*Rmr, ~mmr, (Kz-)&m-, to 
account for direct production of K* (892), 
ac(980) and direct annihilation into a non- 
resonant final state, respectively; 

(4) background contamination from other final 
states as an incoherent constant phase space like 
term. 

Following the P (or Q) matrix formalism 1251 for 
resonance production, the relative phase between dif- 
ferent decay channels of the same resonance were 
fixed to the same value. 

Data were fitted by minimizing the likelihood func- 

tion event by event: 

L = -2log(L) 

= -2Clog,(l -f) 
I"CYi>12 

i=l 
J IM(y)/%!y + j17 (6) 

where N is the total number of events and f describes 
an incoherent phase space like background contri- 
bution. Masses and widths of E/L resonances were 
free parameters. The analysis was performed assum- 
ing dominance of the lowest possible values of relative 
angular momenta [ 6,261. This hypothesis, motivated 
by the kinematics of the annihilation at rest, leads to 
production of O-+ and If+ (KKa) states from ini- 
tial ‘So and 3Pt protonium waves, respectively. Once 
the best fit solution was found, several tests were per- 
formed in order to establish the goodness of the above 
assumption. 

5. Spin parity analysis 

5.1. Glabaljit 

The strategy followed in a global fit is to look for 
the minimum set of amplitudes which provides the 
best representation of the data without redundancy in 
the number of fitting parameters, The maximum like- 
lihood method was adopted to estimate the goodness 
of the fit, although, for the hypothesis test, the sum of 
x2 (obtained by comparing various experimental dis- 
tributions with the predicted ones) for the most rele- 
vant distributions, was used. 

The first and simplest fitting hypothesis was to as- 
sume the presence of a single resonance in the region 
around 1410 MeV of the neutral Kg, system, with 
a spin-parity assignment of a pseudoscalar or an axial 
vector. Concerning the resonance decays, the interme- 
diate states uoz-, K* K and the direct decay (Kn) ,& 
were considered simultaneously. A total of 8 free pa- 
rameters were used to construct the amplitude. A sim- 
ilar approach was followed in the analysis of the same 
final state selected from a data sample in which the 
antiproton annihilations took place in a liquid hydro- 
gen target in the OBELIX spectrometer [ 61. 

Just as in that analysis, the quality of the fit was 
poor, independently of the resonance spin-parity as- 

signment. Nevertheless, a comparison between the two 
hypotheses, namely J PC = O-+ or If+, showed clearly 
that the main resonant contribution to the neutral K~?TT 
system was due to a O-+ state. The result of the one- 
resonance fit indicated also a dominance of the direct 
decay compared to the aor and K* I? modes, in agree- 
ment with the previous results. 

The large value of x2 (560 for 383 data points), 
calculated on various invariant mass distributions, a 
fraction of incoherent background above the expected 
value, and the predicted mass spectrum which fitted 
poorly the asymmetric KI?s- lineshape above 1400 
MeV, suggested altogether the need for a more com- 
plex structure of the fitting amplitude. 

Indeed, the conclusion of the results from the previ- 
ous work on liquid hydrogen, which demonstrated the 
existence of two nearby pseudoscalar states, together 
with the present experimental conditions (gaseous hy- 
drogen provides higher angular momenta in the ini- 
tial state, which might excite resonances with differ- 
ent quantum numbers) and the indications provided 
by the experimental mass distribution (see, for exam- 
ple, Fig. 3), justified the hypothesis of an increasing 
of the number of resonances from two to three in the 
E/L mass region. A partial wave analysis (PWA) of 
the considered final state was then performed. 

5.2. Partial wave analysis 

In order to perform a PWA of the selected reac- 
tion, the problem of having two identical pions con- 
tributing to the neutral KRVT system had first to be 
addressed. The solution, described in Section 3, con- 
sisted in selecting the region of available phase space 
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in which only one of the two combinations (Ki?rrl: 
here called the “active” combination) had the largest 
resonant contribution, the other one ( KI?T~: the “pas- 
sive” combination) being mostly phase space like. 

In this kinematical region a PWA of only the “ac- 
tive” KI?T combination was applied, without loosing 
the relevant physics information. This assumption was 
tested by applying a global fit to the experimental data 
within the selected region, with and without the sym- 
metrization of the best fitting amplitudes with respect 
to the two identical pions. The minimization proce- 
dure yielded basically the same likelihood value in the 
two cases. 

The PWA was performed on the Ki?q mass region 
from 1360 to 1510 MeV, in adjacent bins of 30 MeV, 
with the requirement M(KEq) < 1300 MeV. The 
change in the cut value from 1260 to 1300 MeV, to 
increase statistics, produced no practical effect on the 
results of the analysis. The number of selected events 
was 2950. In order to check the stability of the fit, as 

well as of the general pattern of the intensity spectra 
and the relative phase motions, the analysis was re- 
peated using different bin positions and sizes. 

An extensive iterative fitting procedure with differ- 
ent spin-parity hypotheses and different initial values 

of the amplitude parameters showed that the most sig- 
nificant contributions to the final state comes from 
both resonant pseudoscalar and axial vector states. 
The partial amplitudes considered in this analysis were 
those which described the (Oh+) and (l++) K~?T 
isobar decay into K*i? + c.c., aoz-, as well as into 
( KVT) ,I’? + C.C. 

In more detail, the results of the PWA were: 
1) The (O-‘) agr and ( KT)~R intensity spectra 

associated to annihilations from protonium ‘Se state 
showed a clear enhancement at M = 1410 MeV (Fig. 
4). The two signals can be ascribed to the same res- 
onance. Indeed, a fit of the two peaks with relativis- 
tic Breit-Wigner functions yielded similar values for 
mass and width, namely: M = 1420f 10 MeV and 
r = 38 f 5 MeV. The O-+ (K*K) S-wave intensity 
spectrum showed also activity near 1400 MeV. 

Since the phase motions (not shown) of the 
(O-+) QZ- and the O-+( K*l?) partial waves, with re- 
spect to the phase of the (O-+) (Kg) ,SI? wave in the 
region 1360 + 1440 MeV were almost constant, then, 
most likely, all three O-+ partial waves considered in 
the present analysis resonate together at a mass value 

near 1420 MeV. 
2) The (O-+) K*l? S-wave intensity spectrum 

showed, besides the activity near 1400 MeV, a peak 
at 1460 MeV (Fig. 4). 

A fit of that high mass peak with a relativistic Breit- 
Wigner function yielded a value of the mass equal to 
1462 f 5 MeV. The phase of this partial amplitude 
relative to the (O-+) ( KT) si? wave showed a rapid 
forward motion (Fig. 4)) which confirmed the pres- 
ence of a resonant O-+ state at 1460 MeV in agree- 
ment with the results in liquid hydrogen [ 61. 

3) The (I++) K*f? partial wave intensity, asso- 
ciated to annihilations from the 3Pi protonium state, 
showed a clear enhancement around 1430 MeV (Fig. 
4). The Breit-Wigner fit to this distribution yielded 
hrl=1427f4MeVandlY=51& lOMeV.Thispeak 
can be identified with the ft (1420) observed in J/?Ir 
radiative decay, central production, ~7 cohisions, pe- 
ripheral production. The ( l++) (Kv)$? partial wave, 
on the contrary, provided a negligible contribution to 
the annihilation from P-wave. Because of the small 
contribution of other ( l++) partial waves, the relative 
phase motion of the (l++) K*l? wave could not be 
unambiguously determined. 

5.3, Global best fits 

5.3.1. Low background data sample 
In order to confirm the existence of the axial vector 

ft ( 1420)) as well as to establish the significance of the 
second pseudoscalar v( 1460)) a global fit to a selected 
sample of 2950 events, with M( KRm) < 1300 MeV 
and M(KI?q) between 1360 and 1510 MeV (as in 
the PWA), was performed. In this region of phase 
space the background contribution was estimated via 
MC simulations to be of the order of 8-9%. 

Three resonant states: two O-+ and one l++ were 
introduced in the total amplitude. The two pseu- 
doscalar states, coming from the same initial state 
( I SO), were added coherently. This way, the ampli- 
tude was constructed with 7 free parameters. The 
fits were repeated for various fixed resonance masses 
and widths. The minimization of the likelihood was 
obtained for the following mass and width values: 

q( 1405): M = 1406 MeV, l? = 48 MeV 

v( 1460): M = 1465 MeV, r = 100MeV 
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Fig. 4. Partial wave analysis: partial wave intensities and the (O-+)K*b S-wave phase motion. 
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This form of the amplitude provided an excellent de- 

scription of the data in the considered kinematical do- 
main. The results of the global fit on the low back- 
ground data sample confirmed the significance of the 
axial vector resonance, as well as the presence of a 
second pseudoscalar state. 

Inverting the spin-parity of the ft ( 1420) and of the 
~7 ( 1460) in the best fit solution provided worse results 
(AL = 26) _ 

5.3.2. Low Ki?n- mass region 

An independent fit of the data in the low Kick in- 
variant mass region (M( Kf?n-) < 1400 MeV) was 

performed in order to establish the nature of the signal 
around 1280 MeV. The total number of fitted events 
was 2616. 

Due to the presence of strong tails from the nearby 
resonances, the relative decay fractions of v( 1405) 
were fixed in the fit, the only free parameters in the 
amplitude being those which described contributions 
from both the axial vector fi (1285) and the pseu- 
doscalar YI ( 1295), from initial S- and P-waves. For the 
decay of the two resonances only the aoz- mode was 
considered (indeed the fr ( 1285) and the 77 ( 1295) 
decays are mainly through aor [ 21,271) . The limited 
statistics prevented from investigating additional de- 
cay modes. Mass and width off 1( 1285) and 7 ( 1295) 
were fixed to the nominal values. 
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Table 1 

Relative contributions (in percent) from spin-parity analysis of the 

low KK?r mass region: in the first and second row, respectively, 

the results with and without fr ( 1285) and r]( 1295), together with 

the S-and P-wave and background contributions are presented. C 

is the maximum likelihood function, NY = 293. 

.c X*/NV ~(1295) fi(l285) S P Bkg. 

-1607 1.26 0.110.1 4.0fl.O 61.4h2.5 13.3f2.5 25.3f3.5 

-1538 1.67 - - 52.312.5 10.3f2.5 37.4f3.9 

The fits were repeated on a sub-sample of 1543 
events satisfying the requirements M(KK) < 1060 
MeV, to increase the sensitivity to the aa (980). 

The fit results for the 2616 events are summarized 
in Table 1 and are shown, superimposed to the ex- 
perimental distributions, in Fig. 5. The production of 
the ft ( 1285) turned out at the level of a few percent, 
whereas the q( 1295) seemed absent in the data. 

5.3.3. Full data sample 
In the final step of the analysis a global fit of the 

full data sample (7016 events) was performed. The 
total amplitude accounted for: production of three res- 
onances in the region around 1420 MeV, decaying to 
unstable intermediate states (aor and K*Z?) and di- 
rectly into KKvT; a l++ state at 1285 MeV decaying 
to aar; direct contributions of aa, K* and direct 5- 
body annihilation from initial *SO and 3Pt protonium 
waves; a background term. In order to determine the 
resonance parameters, besides an intensive grid search, 
mass and width were allowed to be free in the global 
fit. 

The best fit, with only 9 free parameters (un- 
accounting for variable masses and widths), was 
obtained when the S-wave was saturated by the pro- 
duction of two pseudoscalars and the P-wave was 
saturated by the two axial vectors ft (1285) and 
ft ( 1420)) plus direct production of K*. 

The importance of the direct production terms is 
better emphasized by the inspection of some angu- 
lar distributions. The angular distribution of one kaon 
from the KZ?n- system recoiling against the spectator 
dipion, as well as the angular distribution of one pion 
in the rest frame of the two identical pions, are sensi- 
tive to the direct production terms in the amplitude and 
are best fitted when a direct production of K* (892) is 
taken into account in the amplitude. 

The best fit solution provided small values for the 
relative phases of the P-wave elementary amplitudes: 
4 = -0.23 & 0.19 rad for K* direct production and 
4 = -0.09 f 0.1 rad for ft ( 1420). 

Moreover, when direct K* production was not con- 
sidered, and therefore P-wave was saturated by the 
two axial vectors, the relative phase of the ft ( 1420) 

changed to 4 = -1.74 f 0.22 rad. And, analogously, 
by excluding the ft ( 1420), the relative phase of K* 
production became 4 = 0.79 i 0.23 rad. In both cases 
the phases were far from the expected values of 0 or 
n- [ 281. Similarly, the relative phase of the two pseu- 
doscalars was found to be close to zero. 

The results of the best fit obtained in the hypothesis 
of two pseudoscalars and one axial vector in the E/L 
region, plus the If+ ft ( 1285) and direct K* produc- 
tion, are reported in Table 2, first line. The first pseu- 
doscalar, the 7 ( 1405), is the dominant contribution 
and it has mainly a three-body decay. The existence of 
a second pseudoscalar, seen for the first time in pp an- 
nihilation at rest in liquid hydrogen by OBELIX [ 61, 
is confirmed, with a main K*I? decay mode. Mass, 
width and decay modes of the two pseudoscalars are 
in agreement with the values obtained from the anal- 
ysis of the liquid hydrogen data sample. 

A quantitative evidence of the two axial vectors 

ft (1285) and ft (1420) represents a significant re- 
sult of the fit. The ratio of their fractional contribution 
(N 1.5) is in agreement with the value obtained from 
central production data. Besides, looking for a possi- 
ble uar decay mode of the ft ( 1420), an upper limit 
of 1% was found. This percentage is in agreement 
with the ratio Br( ft ( 1420) -+ aorr) /( ft ( 1285) + 
aarr) = 0.2&O. 1 obtained by GAMS [27] in the anal- 
ysis of the E/L decay to T&‘~T’. 

The background contributionresulting from the best 

fit (- 21%) is consistent with the experimental value. 
In order to test the Jpc assignment of the structure 

at 1420 MeV, a fit with a pseudoscalar replacing the 
fi ( 1420), but maintaining the other features of the 
amplitude, was performed. A normalized x2 of 1.33 
for the Ki?n- mass distribution and a change in the 
likelihood value by AC = 37 demonstrated the axial 
vector nature of the structure at 1420 MeV. 

In the second line of Table 2 a check of the fit 
sensitivity to the presence of the fi ( 1420) in the data 
sample is reported. Removing the ft ( 1420) causes 
a worsening of the fit in terms of x2 and likelihood 
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Table 2 

Relative contributions (in percent) from spin-parity analysis of the low KKv mass region: in the first and second row, respectively, the 

results with and without .fl(1285) and q( 1295), together with the S-and P-wave and background contributions are presented. L is the 

maximum likelihood function, Np = 293. 

V(1405) ?1( 1460) fi (1285) fJ (1420) dir. prod. Bkg. c X2/N1 x2/N2 

a0 ?r K*R (KT)& K*R aOn K*K K* I?GTT 

9.3 zt 0.9 6.5 i 0.5 41.3 f 1.2 5.4 f 0.7 3.4 i 0.5 5.2 f 1.1 8.2 f 1.5 20.7 f 1.5 -6027 1.23 0.97 
mass = 1407f 1 1459 i 3 1422f4 

width = 48 f 1 108rt 5 42 i 9 

9.7 f 0.7 6.0 zt 0.4 42.0 f 1.5 5.5 f 0.9 3.5 f 0.5 11.7 f 1.6 21.6f 1.3 -6011 1.30 1.31 
mass = 1413 + 1. 1458 I!Z 3 

width = 51 f 1. 11345 
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(AL = 16), the latter being larger than the statistical 
fluctuation of the likelihood function (AL w 2), as 
obtained from a Monte Carlo simulation. 

When one removes the P-wave K*R direct pro- 
duction, the width of the ft (1420) increases (I x 
92 MeV), as well as its mass, both to values in dis- 
agreement with those quoted in the Review of Parti- 
cle Physics. The quality of the fit remains, however, 
satisfactory. 

The hypothesis of dominance of relative angular 
momentum I = 0 between the Ki?r resonance and the 
dipion, was tested against possible contributions from 
partial waves leading to relative 1 = 1. In the analysis 
of the liquid hydrogen data [ 61, possible contributions 
from initial ‘SO wave to the production of ft ( 1420) 
had been already excluded. In this analysis, two in- 

dependent fits, removing ft ( 1420) and allowing for 
production of v( 1405) and v( 1460) from initial 3Pt 
wave, respectively, yielded worse results, and excluded 
the possibility that higher order contributions from the 
pseudoscalars could simulate the axial signal. 

A systematical uncertainty (of the order of 2-3 
times the statistical errors) in the values of mass and 
width of resonances turns out from small variations 
of the amplitude. A realistic estimate of the resonance 
parameters was obtained by taking them into account. 

They are: 

~(1405): M= 1407&5MeV, I=48f5MeV 

v( 1460): M = 1464 & 10 MeV, I’ = 105 & 15 MeV 

f1(1420):M=1425i8MeV, I’=45flOMeV 

The mass and the width of the ft ( 1420) is in good 
agreement with the world average values given by the 
Review of Particle Physics. 

The results of the best fit are shown in Fig. 6 su- 
perimposed to some experimental mass distributions. 

6. Conclusions 

To summarize the results of the global fits and of 
the partial wave analysis of an overall sample of 7016 
pp annihilations in gaseous hydrogen at NTP into the 
final state Kf@ti,,~~~~~-, evidence was found for 
two pseudoscalars and one axial vector in the E,JL mass 
region ( 1400 i 1500 MeV), which can be identified 

with the v( 1405)) v( 1460) and fl ( 1420), respec- 
tively. Moreover, evidence for the ft ( 1285) was also 
found, in agreement with previous observation [ 261. 
Specifically: 
( 1) The two axial vectors are seen together for the 

(2) The 

first time in pp annihilation at rest. 
The presence of the fr (1285) in the data 

was required by all fitting hypotheses, and its 
contribution remained stable at the level of 3- 
4%. The ft (1285), always seen together with 
the ft ( 1420) in all experiments which observed 
only the axial vector in the E/L region, is now 
seen for the first time together with the pattern 
of the two pseudoscalars and the axial vector, a 
feature not evident in J/q decay measurements. 

Many indications point to the existence of the 

fl ( 
(a> 

1420): 
in a PWA, the ( l++) K*I? partial wave in- 
tensity associated to annihilations from the 
3Pl protonium state, shows a clear enhance- 
ment around 1430 MeV. The Breit-Wigner 
fit to this distribution yields M = 1427 f 4 
MeVandI=51flOMeV, 

(b) 

cc> 

Cd) 

(e> 

the results of the various global fits and 
of the partial wave analysis provide mass, 
width and decay modes in very good agree- 
ment with the world average values quoted 

for the fr ( 1420) in the Review of Particle 
Physics. 
the production ratio with the ft ( 1285) has 
the same value as measured in the exper- 
iments which observed the production of 
both resonances; 
the exclusion in the P-wave of an axial vec- 
tor around 1420 MeV worsens both the like- 
lihood vaIue beyond the statistical uncer- 
tainty, and the x2 of the K~?TT mass distri- 
bution; 
moreover, by excluding the ft (1420) in 
the fit, the relative phase of the elementary 
amplitude for K* direct production changes 
from a value near zero, found in the best 
solution, to the value 4 = 0.79 f 0.23 rad; 
first pseudoscalar, T( 1405), is by far the 

dominant contribution, it is very stable against 
modifications of the amplitude and it has mainly 
a three-body decay, with additional small equal 
fractions of acre and K*k decay. The relative 
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Fig. 6. Results of the spin-parity best fit: (KKz-) invariant mass spectrum for a) two-entries and b) one-entry (KKq); c) Kf? invariant 

mass and d) neutral (K?r) spectrum. 

(3) 

weights of q( 1405) decays into (Kn-) SK, uon-, 
K*a are 6 : 1.5 : 1. Mass and width are A4 = 
1407 ~t5 MeV, r = 48 i 5 MeV. These results 
confirm the previous ones obtained from pp an- 

nihilation in liquid hydrogen [ 61. 
The existence of a second pseudoscalar, seen for 
the first time in pp annihilation at rest in liquid 
hydrogen [ 61, is unambiguously confirmed. The 
direct production from S-wave of other inter- 
mediate states cannot entirely simulate the sec- 
ond pseudoscalar, even if its contribution gets 
slightly decreased compared to the previous re- 
sult. The dominant decay mode is confirmed to 

MeV, I? = 105 f 15 MeV. 
(4) There is no indication in these data of the pres- 

ence of the pseudoscalar v( 1295). The same 
negative result was obtained from the liquid hy- 
drogen data [ 61, where pseudoscalar production 
should be favoured, in principle, due to the pro- 
tonium S-wave annihilation dominance. 

QCD sum rules predict [ 291 the mass of the lighter 
pseudoscalar glueball to be in the range 1400 f 1600 
MeV. Lattice QCD calculations give a much higher 
value for such mass [ 30,3 11. Arguments in favour of 
a glueball interpretation of one of the two resonances 
under the v( 1440) were proposed. A recent analy- 

be K*K. Mass and width are M = 1464 f 10 sis [ 321 of the structure of the q ( 1440), performed 
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using a mixing model with non-strange, strange and 
glueball basic states, shows that the r]( 1405) can be 
a dominant pseudoscalar glueball. The sizeable direct 

three-body decay, confirmed also in the in-r decay 
mode [4,27] might add support to the glueball in- 
terpretation. Another hypothesis was proposed for the 
lighter O-+: to be a hybrid state [ 331, made by cou- 

pling a qq state with a transverse electric gluon. Such 
a state, predicted [ 341 around 1400 MeV, is expected 
to decay via aa(980)~r and r](mn-)s. 

Concerning the ft ( 1420)) it is one of the most inter- 

esting objects from the point of view of the existence 
of non-qq states. Until recently, it has been considered 
the $3 member of the l++ nonet. However, this inter- 
pretation is in contradiction with several experimental 
results [ 35-381. Therefore, three possibilities are left: 
either the ft ( 1420) belongs to the l++ excited nonet, 
but with a mixing angle far from the ideal one, or it is 
a real exotic state or, in the third case, it is a cusp effect 
due to the opening of the K*R threshold. A glueball 
hypothesis can be ruled out [ 391, as well as a 4-quark 
state [ 391. The hypothesis of a hybrid [ 401 seems not 
to be incompatible with the data. More probably, the 
ft ( 1420) is a molecule: either a K*Z? molecule, of 

the type supported by Weinstein and Isgur [ 41] , or of 
the type suggested by Longacre [ 421, in which a pion 
orbits in a P-wave around a (KI?) s system. 
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