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Abstract

The number of pseudoscalar mesons in the mass range from 1400 to 1500 MeV/c2 has been a subject of considerable interest
for many years, with several experiments having presented evidence for two closely spaced states. A new measurement of the
reactionπ−p → K+K−π0n has been made at a beam energy of 18 GeV. A partial wave analysis of theK+K−π0 system
shows evidence for three pseudoscalar resonances,η(1295), η(1416), andη(1485), as well as two axial vectors,f1(1285),
and f1(1420). Their observed masses, widths and decay properties are reported. No signal was observed forC(1480), an
IGJPC = 1+1−− state previously reported inφπ0 decay. 2001 Elsevier Science B.V. All rights reserved.

A long history of confusion surrounds the pseudo-
scalar meson spectrum [1,2]. Results from previous
experiments [3–18] carried out over the past four
decades, including peripheral production with pion
beams,pp̄ annihilation, andJ/ψ radiative decay, in-
dicate that there may be three isosinglet pseudoscalar
states in the narrow mass range from 1250 to 1500
MeV/c2. However only two states are expected in the
standardJP = 0− nonet.

The lowest pseudoscalar,η(1295), was first ob-
served in a PWA analysis of theηππ system [19]
and later confirmed by other experiments [20–23].
However theη(1295) was not observed in some re-
actions where the production of pseudoscalars is al-
lowed, such asγ γ collisions [24], central production
[25,26] andJ/ψ decays [10–12]. Therefore further
confirmation of this state is desirable.

The central issue in the higher mass region is some-
times referred to as theE/ι puzzle. There was a
longstanding question whether the iota, seen in ra-
diative J/ψ decay [14,15], and theE meson (now
called f1(1420)) were the same state or two dis-
tinct resonances. Peripheral production experiments at
Brookhaven National Laboratory showed a complex
spectroscopy in this mass region [3,4,27,28].

One of these, experiment E771, used pion, kaon and
antiproton beams to study the production of differ-
ent states [4,27,28]. The kaon data showed that the
f1(1285) has very little strange-quark content [28].
Evidence was also obtained for aJPC = 1+− reso-
nance at about 1380 MeV/c2 [28], below theK∗ �K
threshold. Those results were consistent with data ob-
tained by the LASS Collaboration [29]. They also ob-
servedJPC = 1++ states at 1420 and 1500 MeV/c2

[4], and two pseudoscalar states [27,28] in the 1400
MeV/c2 mass region, one decaying mainly toK∗ �K
and the other decaying primarily toa0(980)π . Evi-

dence was also presented for an additional pseudosca-
lar at 1515 MeV/c2 appearing only ina0(980)π [27].

In their latest publication [11] the Mark III group
conclude that their data require twoJP = 0− reso-
nances: one at 1416 MeV/c2 decaying toa0(980)π
and the other at 1490 MeV/c2 decaying toK∗ �K .
The DM2 Collaboration [12] present quite a differ-
ent picture: a 0− resonance at 1421 MeV/c2 decay-
ing toK∗ �K and a 0− resonance at 1459 decaying to
a0(980)π . The Obelix group recently reported results
for pp̄ → (K±KSπ∓)π+π− at rest [7–9]. They ob-
serve two 0− resonances in the(K �Kπ) final state, one
at 1405 MeV/c2 decaying directly to(K �Kπ) and a
broader one at 1500 MeV/c2 decaying primarily to
K∗ �K . The PDG [1] concludes that most of the evi-
dence now supports two 0− states in the range 1.4–
1.5 GeV/c2, but their decay properties are poorly de-
termined. The present experiment was designed to
clarify this situation by obtaining a large sample of
data for the reactionπ−p →K+K−π0n. The task is
a challenging one because of the large number of over-
lapping resonances in this mass region, and the pres-
ence of theK∗ �K threshold at about 1.4 GeV/c2.

One controversial state is theC(1480), which was
found by the Lepton–F group inφ(1020)π0 decay
[30]. The mass and width of this resonance were mea-
sured to beM = 1480± 40 MeV/c2, andΓ = 130±
60 MeV/c2, respectively, withIGJPC = 1+1−−. Be-
cause it has a large production cross section inπ−p→
(K+K−π0)n and its decay intoωπ0 was not ob-
served, it has been suggested that this state is not a
conventional meson [31]. The PDG now listsC(1480)
underρ(1450), a state previously associated with non-
strange decay modes [1].

The present experiment (E852) was carried out dur-
ing the 1997 running period of the Alternating Gradi-
ent Synchrotron at Brookhaven National Laboratory.
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Fig. 1. Schematic diagram of the experimental apparatus.

A diagram of the experimental apparatus is shown in
Fig. 1. A Cherenkov-taggedπ− beam of momentum
18.3 GeV/c was incident on a 60 cm liquid hydro-
gen target within the Multi-Particle Spectrometer. The
spectrometer central field was set to 0.75 Tesla. The
target was surrounded by a four-layer cylindrical wire
chamber (TCYL) which was used to reject events that
included a large-angle charged particle [32]. A seg-
mented CsI detector was used to reject events with
large-angle photons [33].

The downstream part of the magnet was equipped
with six multi-plane drift-chamber modules (DC1-6)
[34] for charged-particle tracking. Three proportional
wire chambers (TPX1-3) allowed the acquisition sys-
tem to trigger on events having two charged tracks.
A 3045-element lead-glass calorimeter (LGD) [35]
was used to detect forward photons, and a 96-segment
threshold Cherenkov counter was used to distinguish
charged kaons from pions. The Cherenkov radiator
was Freon 114 at atmospheric pressure, giving a dif-
fractive index of 1.00153. The corresponding pion
(kaon) threshold is at 2.52 (8.93) GeV/c.

The trigger for the present data required two for-
ward-going charged tracks, energy deposition in the

LGD, and no charged recoil track. A total of 18.5
million events of this type were recorded. After
calibration and track fitting the events were filtered by
requiring:

(1) a fully reconstructed beam track;
(2) two forward tracks, one positive and one negative,

both identified as kaons by the Cherenkov detec-
tor;

(3) two energetic clusters in the active region of the
LGD, both identified as neutral particles;

(4) a reaction vertex within the target volume;
(5) energy deposition< 40 MeV in the CsI detector.

In the final step of the data selection a kinematic
fit was made to theπ−p → K+K−π0n reaction
hypothesis using the full covariance matrix from track
and vertex reconstruction [36]. Events with confidence
level less than six percent were rejected. This was
done to remove events with low-energy photons that
were not detected by the apparatus. Approximately
34000 events survived the above selection criteria.
Fig. 2 shows the invariant mass distributions for these
exclusive events. The most striking features of the
data are two peaks in theK+K−π0 mass spectrum
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Fig. 2. Mass spectra for (a)K+K−π0, (b)K+K− , (c)K+π0, and (d)K−π0. The open areas are all events and the shaded areas are events
with |t|> 0.1 GeV2.

at about 1.3 and 1.45 GeV/c2. The two-particle
mass spectra show clear signatures forφ(1020) and
K∗(892) excitation.

A partial wave analysis (PWA) of the present data
was made in the isobar model [37,38]. The mass of
the three-meson final state was binned in 20 MeV/c2

intervals and independent fits were performed on the
data in each bin. The final state was represented as a
sequence of interfering two-body intermediate states.
An initial decay of a parent meson into aK �K or
Kπ0 intermediate resonance (isobar) and an unpaired
pion or kaon, followed by the subsequent decay of
the isobar, populates theK+K−π0 final state. Each
partial wave is characterized by the quantum numbers
JPC[isobar]LMε , whereJPC are the spin, parity and
C-parity of the partial wave,M is the absolute value of
the spin projection on the beam axis,ε is the reflectiv-
ity (corresponding to the naturality of the exchanged
particle), andL is the orbital angular momentum be-

tween the isobar and the unpaired particle. Both nu-
cleon spin-flip and non-flip amplitudes were included.

The experimental acceptance was determined by
means of a Monte Carlo simulation, which was then
incorporated into the PWA normalization for each par-
tial wave. In the description of the isobars a coupled-
channel Flatté parametrization [39] was used for the
a0(980). The parameters of this function were set
to the values used in previous partial wave analy-
ses [4,6]. A scattering length function was used to
describe(Kπ)S , the (Kπ) S-wave interaction [40].
The other isobars,K∗(892), andφ(1020), were mod-
eled by relativistic Breit–Wigner shapes with masses
extracted from the PDG [1]. Experimental resolution
made a significant contribution to the measured width
of the φ(1020) so in that case the observed width
(9.5 MeV/c2) was used in the PWA analysis.

In the partial wave analysis numerous fits with dif-
ferent wave sets were performed to determine the min-
imum set of waves that gave a good description of the
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Table 1
Partial waves used in the amplitude analysis. Note that theK∗ �K
partial waves were used only for masses greater than 1.375 GeV/c2

JPC Mε L Decay mode

0−+ 0+ S a0(980)π0

P K∗(892)�K
1++ 0+ S K∗(892)�K

0+, 1± P a0(980)π0

1+− 0+ S K∗(892)�K
1−− 0− P K∗(892)�K
2++ 0−, 1+ D K∗(892)�K

angular distributions and the two-particle mass distri-
butions. All waves were included asC-parity eigen-
states [38] (e.g.,K∗+K− ± K∗−K+). Partial waves
with J < 4 were included forK∗, a0 andφ isobars
as well as(Kπ)S . The extended maximum likelihood
method was used to determine the goodness-of-fit.

The largest contributions came from pseudoscalar
and axial vector waves, with natural-parity exchange
dominating the results. Table 1 lists all partial waves
used in the final fit. Waves withJPC = 2++ and 1−−
were employed to account for the presence of strong
tails from theρ(1700) and other high-lying states.
Both of these were needed in the fits. The 1+−K∗ �K S-
wave was included to allow for possible excitation of
theh1(1380). A non-interfering isotropic background
wave was included at each mass bin to simulate the
cumulative effect of numerous small waves that were
omitted from the fit.

The final fit was performed on 20,000 events having
momentum transfer|t| > 0.1 GeV2. This cut reduced
the contributions fromφπ decay (see Fig. 2), and also
the strength of the 1−− waves.

No (Kπ)S �K waves were included in the final fit.
Those waves were found to be ambiguous with the
a0π S-waves and with the background wave. Fits
which included both(Kπ)S anda0 waves exhibited
large interference that varied wildly in strength at
adjacentM(KKπ) mass bins. Therefore one cannot
exclude the possibility of some undetected(Kπ)S �K
strength in the present analysis.

Different wave sets were used to describe the data
above and below theK∗ �K threshold. Fits below

Fig. 3. Results of mass-independent fits (points) and
mass-dependent fits (lines) for (a) 0−+ [a0(980)] S0+ inten-
sity, (b) 1++ [a0(980)] P0+ intensity, (c) phase difference
between (a) and (b).

1.375 GeV/c2 did not includeK∗ �K waves. The main
results of the mass-independent PWA fit are shown in
Figs. 3 and 4. The low-mass spectrum shows large
contributions fromJPC = 1++ and 0−+ waves.

Mass-dependent fits to the intensities and phase
differences were made by least-squares minimization
for three separate wave pairs. The phase information
is particularly important for determining the resonant
content of the mass-independent results. These mass-
dependent fits used linear combinations of relativistic
Breit–Wigner poles with mass-dependent widths and
Blatt–Weisskopf barrier factors [41]. The details of
this procedure are given below.
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Fig. 4. Results of mass-independent fits (points) and mass-dependent fits (lines) for (a) 0−+ [a0(980)] S0+ intensity, (b) 1++ [K∗(892)] S0+
intensity, and (c) phase difference between (a) and (b), (d) 0−+ [K∗(892)] P0+ intensity, (e) 1++ [K∗(892)] S0+ intensity, and (f) phase
difference between (d) and (e).

The first fit was to the a0π
0 waves below

1.36 GeV/c2. Those results, depicted in Fig. 3 (a)–(c),
show clear excitation ofη(1295) andf1(1285). The
resonance parameters from this fit are tabulated in
Table 2. Contributions from experimental resolution
(about 10 MeV/c2) were removed from the listed
widths. The errors given in the table include statisti-
cal contributions from the mass-dependent fit (first en-
try), and systematic errors from the PWA fits (second
entry). The latter contribution was estimated by com-
paring the results of several mass-dependent fits which
used different PWA results. In those fits the mass bin-
ning and wave sets were varied.

With the exception of thef1(1285) width, the
measured parameters of theη(1295) andf1(1285) are
in good agreement with the average values reported

Table 2
Resonance parameters and decay modes of the observed states.
Statistical errors are listed first, followed by systematic errors

ResonanceM (MeV/c2) Γ (MeV/c2) Decay modes

f1(1285) 1288± 4± 5 45± 9± 7 a0π
0

η(1295) 1302± 9± 8 57± 23± 21 a0π
0

η(1416) 1416± 4± 2 42± 10± 9 a0π
0,K∗ �K

f1(1420) 1428± 4± 2 38± 9± 6 K∗ �K
η(1485) 1485± 8± 5 98± 18± 3 K∗ �K

by the PDG [1]. For thef1(1285) we observe a width
Γ = 45± 9± 7 MeV/c2, which is consistent with the
latest measurement from GAMS [22] but larger than
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the PDG value of 24.0± 1.2 MeV/c2. Fitting only the
intensity function in this case (data in Fig. 3 (b)) yields
a much smaller width,Γ = 23± 5 MeV/c2. Thus it is
the interference withη(1295) that is important in our
determination of the width.

Above 1.38 GeV/c2 several overlapping states show
interesting structure, as indicated in Fig. 4. Pseudo-
scalar waves show up prominently ina0π

0 andK∗ �K ,
while the most important axial vector wave is inK∗ �K
decay. The pseudoscalar mass spectrum fora0π

0 de-
cay is markedly different from that forK∗ �K . The for-
mer shows a narrow peak in the intensity distribution
while the latter shows strength over a much wider mass
range.

The results of the mass-independent PWA fits for
this mass region were interpreted in two steps. In
the first step the intensities and relative phase of the
most prominent pseudoscalara0π

0 and axial vector
K∗ �K waves were fitted with two Breit–Wigner poles.
The results of that fit are given in Fig. 4 (a)–(c)
and in Table 2. They are consistent with previous
observations off1(1420) and a low-mass component
of η(1440) [1], seen here at a mass of 1416± 4 ±
2 MeV/c2. In the present work this state will be
labeledη(1416). The mass and width of thef1(1420)
agree with the average values reported by the PDG [1].

In the second step of the mass-dependent analy-
sis the intensities and relative phase of the prominent
pseudoscalar and axial vectorK∗ �K waves were fit-
ted to three resonance poles. The parameters of the
f1(1420) andη(1416) were held constant at the val-
ues determined above (see Table 2), while the mass
and width of a third resonance were varied to minimize
χ2. The results of this fit are given in Fig. 4 (d)–(f) and
in Table 2. They show a mass and width for the high-
mass component ofη(1440) equal to 1485± 8 ± 5
MeV/c2 and 98± 18± 3 MeV/c2, respectively. This
state will be labeledη(1485). For this fitχ2/d.o.f was
1.07 (for 16 degrees of freedom). Fits were also made
with the parameters of the lower states unconstrained.
Those results were in good agreement with the val-
ues given in Table 2, but with larger error bars. Previ-
ous PWA analyses have determined that theK+ �K0π−
spectrum is dominated by positiveG-parity excitation
[4,23], so one is justified in assigning isospinI = 0 to
the positiveC-parity states discussed above.

The present results agree with those from earlier
π−p [3], pp̄ [7], andJ/ψ radiative decay [11] exper-

iments; two pseudoscalar resonances were observed,
with the lower state appearing clearly ina0π

0 decay
and the upper one strongly populating only theK∗ �K
spectrum. In the present measurementsη(1416) was
observed in botha0π

0 andK∗ �K decay. In order to test
the significance of this result a new fit of the intensities
and relative phase of the waves depicted in Fig. 4 was
made. In that fit a single resonance was assumed in the
pseudoscalarK∗ �K wave. This resulted in the width of
the resonance increasing to about 300 MeV/c2, and
χ2/d.o.f increasing from 1.07 to 1.38 (for 17 degrees
of freedom), which demonstrates that the two-pole fit
offers an improved description of the data.

No strong signals were observed for excitation of
thef1(1510). As one can see in Fig. 4, theJPC = 1++
K∗ �K intensity shows a small bump at 1.5 GeV/c2 but
no clear phase motion with respect to theη(1485).

The decay properties of theη(1416) are of partic-
ular interest for determining the structure of the state.
From our measurements we obtain the ratio of branch-
ing fractions,

BR[η(1416)→K∗ �K,K∗ →Kπ0]
BR[η(1416)→ a0π0, a0 →K+K−] = 0.4± 0.1.

When all charge states are included this leads to the
ratio of total branching fractions,

BR[η(1416)→K∗ �K + c.c.]
BR[η(1416)→ a0π] = 0.084± 0.024.

The quoted error is statistical in nature. This ratio is
reduced by about a factor of two when pseudoscalar
(Kπ)S �K waves are included in the fits. The above
values are consistent with early results obtained by
Obelix when similar wave sets were used [9], but
is much smaller than those obtained in later Obelix
experiments [7,8].

Theη(1416) andη(1485) states were both observed
to decay toK∗ �K . The ratio of production rate times
branching fraction for these two states is,

R[η(1416)→K∗ �K]
R[η(1485)→K∗ �K] = 0.16± 0.04.

Previousπ−p experiments were unable to detect the
η(1416) contribution to theK∗ �K spectrum [3,4,27].

In principle one should be able to use the measured
widths and decay rates ofη(1416) and η(1485) to
determine their valence structure. Unfortunately the
present state of hadron theory does not allow this. In
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the3P 0 model one expects a pseudoscalarss meson to
have a narrow width (< 100 MeV/c2) and a dominant
K∗ �K decay branch [42]. However bothη(1416) and
η(1485) have widths that fall within acceptable limits,
and both decay toK∗ �K . The fact thatη(1485) decays
primarily by kaon emission suggests that it is the better
ss candidate, but further theoretical work is needed
before an identification can be made.

Another important spectroscopic issue is the exis-
tence ofC(1480). That state was first identified in a
production experiment similar to the present one [30].
It was observed inφ(1020)π0 decay with a mass and
width M = 1480± 40 MeV/c2, andΓ = 130± 60
MeV/c2.

Subsequently it was not seen in several other exper-
iments, includingpp central production [25] andpp̄
annihilation at rest [43]. Aφ(1020) side-band study
and partial wave analysis were used to search for such
a state in the present data. Both studies were carried
out using the full data set without at cut.

In theK+K− effective mass spectrum a clear peak
is seen at the mass of theφ meson (Fig. 2 (b). The
intensity peaks at 1020.3 ± 0.4 MeV/c2 and has a
width of 9.5 ± 1.0 MeV/c2. The width is mainly
from the instrumental resolution of the detector. For
the side-band study the two-kaon mass spectrum was
divided into three bins, each 10 MeV/c2 wide, and
K+K−π0 mass distributions were produced for each
bin. Those spectra are shown in Fig. 5. Fig. 5 (b)
shows theK+K−π0 effective mass spectrum for
those events in theφ signal region. Background was
removed from this spectrum by subtracting the average
number of events in the adjacent two-kaon mass
intervals. The resulting background-subtracted mass
spectrum is shown in Fig. 5 (d). No peaks can be
discerned in the spectrum.

A more definitive test was made by performing
additional PWA fits withφπ0 S andP waves added to
the wave set given in Table 1. No peaks were observed
in the resulting mass spectra. Since theC(1480) was
believed to be a vector meson, these fits included all
allowed Mε values for 1−−φπ0. Fig. 6 shows the
contribution from the wave with the largest intensity
(Mε = 0−).

The present results indicate no strong excitation of
anyφπ0 waves and negligible resonance strength for
1−−φπ0 waves in particular. The previous identifica-
tion ofC(1480) cannot be confirmed.

Fig. 5. φ(1020) side-band study. TheK+K−π0 effective
mass for events with (a) 1.0<M(K+K−) < 1.01 GeV/c2,
(b) 1.015 < M(K+K−) < 1.025 GeV/c2, (c) 1.03 <

M(K+K−) < 1.04 GeV/c2, and (d) the background-subtracted
signal.

Fig. 6. Intensity of the 1−−[φ(1020)]P0− wave.

In summary, a partial wave analysis of the mesons
produced in the reactionπ−p → K+K−π0n was
performed. The intensity and phase of the result-
ing waves show clear excitation of several previ-
ously identified states:f1(1285), η(1295), η(1416),
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f1(1420), andη(1485). The existence of three low-
mass pseudoscalars is confirmed. Theη(1416) and
η(1485) are distinguished by their decay properties;
η(1416) decays primarily toa0π

0 but has a small
K∗ �K branch as well. Theη(1485) was observed only
in K∗ �K decay.C(1480), a state previously identified
in K �Kπ decay, was not observed.
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