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Abstract. A simultaneous analysis of two different 57 final states from p/N annihilation at rest is used
to study the decays of isoscalar 07 states into 47°. The data demand two scalar states, the fo(1370)
with m = 1395 £ 40 MeV/c?, I' = 275 & 55 MeV/c® and the fo(1500) with mass and width compatible
with previous findings. Apart from the dominant scalar intensity, the w(1300) plays an important role in
the 57 dynamics. We find a mass of m = 1375 4+ 40 MeV/c® and a width of I" = 268 + 50 MeV /c? with a
dominant decay into pw. The (7w7)sm decay of the w(1300) is less than 15% of its pm decay.

1 Introduction

The spectrum of scalar mesons is of particular importance
in meson spectroscopy since the ground-state glueball is
predicted to have scalar quantum numbers and a mass
of about 1.73 GeV/c? [1]. In particular the peculiar decay
pattern of the f,(1500) into two pseudo-scalar mesons has
led to the hypothesis that it may be the scalar glueball
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mixed with normal scalar mesons [2-5]. Properties of all
scalar states are obviously important for this interpreta-
tion.

The fo(1370) and fo(1500) and their decays into 2 pseu-
doscalar mesons have been studied in detail in pp anni-
hilations at rest by the Crystal Barrel Collaboration [6—
11], but the fo(1370) has been clouded by a broad struc-
ture coupling to 77 and currently referred to as fo(400 —
1200) [12]. While the data suggest the existence of two
comparatively narrow states, fo(1370) and f,(1500), so-
lutions with a broad structure instead of the fo(1370) are
not excluded [7]. Also, in the analysis [13] of the reac-
tion pp — 570, the f5(1370) was not unambiguously es-
tablished.
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In this paper we present an analysis of the reaction

ﬁd — 7T74770pspectat0r (1)

which has one distinctive advantage over the reaction stud-
ied before: in annihilations on neutrons there exists only
one 47° combination while in the 570 final state there are
five combinations which could make up an fy state. We
also find that the solution obtained from reaction (1) gives
a good description of the reaction pp — 5m°.

2 The data analysis

The data presented in this letter have been taken at the
Low-Energy-Antiproton-Ring LEAR at CERN. Low en-
ergy antiprotons (200 MeV/c) are extracted and brought
to rest in a liquid deuterium target. The annihilation prod-
ucts are then detected in the Crystal Barrel detector,
which has been described in detail elsewhere [14]. Here,
we mention only its main components. The target is sur-
rounded by a pair of cylindrical multi-wire proportional
chambers (PWC’s) and a 23-layer cylindrical drift cham-
ber (JDC). The momentum resolution for charged particle
is dp/p =6.5% at 1 GeV/c. The JDC is in turn surrounded
by a 1380 crystal CsI(Tl) barrel calorimeter. The crystals
point towards the target center and the calorimeter covers
polar angles between 12° and 168° degrees and 27 in az-
imuth. The useful acceptance for shower detection is 95%
of 4. Typical photon energy resolutions are o /E =~ 2.5%
at 1GeV and 049 = 1.2°.

The data of the current analysis have been collected using
a one—prong trigger. This trigger selects events with one
track reaching the outermost layers of the JDC by requiring
one hit in the PWC and one or two hits in the outer layers
of the JDC. In these events the proton does not escape the
target. The data are then reconstructed and those events
satisfying the following criteria are retained:

Exactly one negative charged track in the JDC.

— Exactly 8 photons with energies above 20 MeV.

For each electromagnetic shower, the energy deposited
in the central crystal should exceed 13 MeV. This re-
moves spurious hits due to shower fluctuations.
Events containing photons centered in the crystals ad-
jacent to the beam pipe are rejected due to possible
shower leakage.

Data surviving these cuts are then submitted to a 1—
constraint kinematic fit to the hypothesis pd — 7 8y plus
a missing proton. In a second step, a series of higher con-
straint kinematic fits are performed in which the vy pairs
are constrained to be either 7° or 5. The best hypothesis
is required to be 7r_47r0pspectamr and the probability for
this assignment must be larger than 10%. Furthermore,
all events with a spectator proton momentum larger than
100 MeV /c are rejected in order to select events in which
the p annihilates on a quasi—free neutron. From the 5.2
million triggered one-prong events, 42 738 survive these
cuts. For these events, we form the three possible 370 in-
variant masses and remove all events with an entry within

30MeV/c? of the n(548) mass. This reduces the number
of events to 30016. Monte Carlo studies show that back-
ground contributions from other channels are below 1%.

The branching fraction for reaction (1) has been deter-
mined using minimum-bias data. The number of recon-
structed 57 events excluding 7~ 7%n[— 37°] is N5, = 457
from a sample of N,,;, = 1293538 minimum bias events.
The reconstruction efficiency is determined from the Crys-
tal Barrel Monte Carlo program using GEANT. Identi-
cal cuts are applied as for real data and we find an effi-
ciency of €, = (5.5 £0.3)% which includes the decay of
the 7°’s, (BR(7® — ~yy) = 0.98797+0.00032). In addition,
there is a correction for events which do not annihilate in
the target, e;1 = 0.956 &+ 0.025. From these numbers we de-
rive our final branching ratio excluding contributions from
pd — 7~ 77, (n — 379).

N57r

BR(pd = © 4n’p) = ——>T
R(p T p) Eme - €1 - Nmb

= (0.67£0.10)%. (2)
In Fig. 1 we show the 47, 37 and 27 invariant mass combi-
nations together with the phase—space distributions. The
most striking feature is a relatively narrow peak in the 47°
invariant mass spectrum (a) centered at m = 1.48 GeV/c?
which is not observed in the 37”7~ invariant mass distri-
bution (b). In the partial wave analysis described below
the peak in (a) is found to be dominantly due to f(1370)
and fp(1500) production and subsequent decay into 47°.
In the 7~ 7 invariant mass distribution, (f), evidence is
seen for the p~(770). It is produced as a secondary parti-
cle from production of e.g. 7~ (1300) — p~ 7. Indeed, the
7~ 979 invariant mass plot (d) shows a broad high-mass
shoulder at ~ 1300 MeV /c? which is not visible in the 37°
invariant mass plot (c).

3 The partial wave analysis
3.1 The amplitudes

The data are analyzed in terms of the isobar model [16].
The initial pn system is assumed to decay to the final state
through a series of quasi two—body decays via intermediate
resonances A, B and C. We consider the following decay
chains:

pd — Ar — {BC}n — {(nm)(nm)} 7,
pd - Am — {Br}n — {[(rm)n] )} m and
pd - AC — {Bn} C — {(nm)n} (7).

The amplitude for such a reaction can be written as:

n amplitudes

>

k=1

Bk Ak (3)

Ainitial state i —

were [ is a complex value parameterizing the produc-
tion of each amplitude Aj. Ay describes the production
and decay of the resonances involved. In general, the pp
initial states contribute incoherently to the final state. In
this analysis, we restrict ourselves to annihilation from the
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Fig. 1. The possible invariant mass combinations in the
n~ 470 data set. (a) 47° system, (one combination per event).
(b) 7 37° system, (four combinations per event). (c) 3°
system, (four combinations per event). (d) 7~ 27° system, (six
combinations per event). (e) 27° system, (six combinations
per event). (f) 7~ 7° system, (four combinations per event).
The data are shown with statistical error bars, while the
shaded curves are phase space distributions for pn — 7~ 4x°.

1Sy initial state, as 35 is not allowed by isospin and G-
parity conservation. This approximation is justified for pp
annihilation [19] but for annihilation in liquid deuterium
we should expect contributions from the 3Py, 3P, and 3P,
states. The inclusion of P—states is, however, not possible
because of the large number of additional waves. The con-
sistency of the results from pp (with a much smaller con-
tribution from initial P—states) and pn annihilations may
justify this approximation. We note that scalar and pseu-
doscalar mesons do not carry any information about the
initial pN-states and the vector mesons contribute only
at the level of less than 15%; their largest fraction stems
from the 1Sy initial state [20]. Tests have been performed
introducing amplitudes from P—states to check their in-
fluence on the other amplitudes which was found to be
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negligible. We conclude that neglecting P—state annihila-
tion does not lead to incorrect conclusions for masses and
widths of intermediate resonances.

The partial wave analysis attempts to explain the data
with the smallest possible number of amplitudes. The am-
plitudes introduced for fitting the two data sets are sum-
marized in Table 1. Throughout this paper we will treat
the isospin zero JF¢ = 0t 77 scattering amplitude,
(7m)s as one isobar. In Table 1 the short—hand notation
o is used for this amplitude. We do not interpret the o as
genuine resonance. We use the energy dependent ampli-
tude describing the 77 interaction from [10].

The amplitudes A have the general form:

decay channels #combinations

> X

j=1 i=1

A = CGi - Fiy, T, T, H;Br, (4)

The production and decay of the first resonance is de-

scribed by the production vector F' = 8- E'; T' describes
the decays of the daughter products. H; denotes the angu-
lar distribution which is calculated using the helicity for-
malism [18] and By, describes the centrifugal barrier of
the production of the first resonance. The Clebsch—Gordan
coefficients CG; have to be taken into account for every
possible combination of the final state pions. Assuming

two open decay channels for the produced resonance, F'
has the form:

. Iy

F'= () > ) X
mo? —m? —1m0[p1mFB +”2p;”FBL2]

(v

T" looks very similar, namely:

mo - \/To-I1/p? - Bry (6)

mo? —m? —imo | pl,fén)FlBil + p2p(§1)1—'23%2] 7

T =

where mg and I are the nominal mass and width of the
resonance, and the p’s are the phase space factors. For
more than two decay channels (5), (6) can be extended us-

()FB

a corresponding term i 1n the numerator where Bp,; are the
centrifugal barrier factors for the decay of the resonances
in the respective channels. If 1" is replaced by a T-matrix
( numerator in (6) changed to mq- (I /p?)-B%, ) assuming
that the second-step resonances are produced by scatter-
ing, the influence on the resonance masses and widths is
found to be negligible. The effects on the branching ra-
tios are within the errors given. Contributions of ampli-
tudes including a B3 not equal zero in the T-matrices are
slightly decreased using this parametrisation.

For the scalar resonances we use two partially overlap-
ping Breit—Wigner amplitudes. It is well known that over-
lapping Breit—Wigner amplitudes may lead to a violation

ing additional terms 2 ; in the denominator and
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Amplitude Decay 570 7 4x° Possible Resonances
PN(1Sy) = fom;  fo = oo *
N('So) = for;  fo = 7 [= onln % fo(1370), fo(1500), fo(1700)
N(*So) = p'm; p = po; *
PN('So) = p'm;  p = ai[— prlx *
PN('So) = p'm;  p = 7w [ onr *
PN(1So) —= p'm;  p' = 7 [ prlm * p(1450), p(1700)
pN(1Sy) = n*0; ™ = om * *
PN('So) = *0; T — pm *
PN(1So) = *p; w — o * w(1300)
PN(1So) = aro;  ar — prm * a1(1260)
PN(1Sy) = fam;  fo = o0 * * f2(1270), f2(1565)

Table 1. The amplitudes used to fit the 7~ 47° and 57° data sets. The ’s in the 57° and 7~ 47° columns indicate which
amplitudes are possible in each final state. The o represents the (77)s wave and the 7 represents the 7(1300).

of unitarity. In references [6-11] a P—vector ansatz based
on the K-matrix approach [17] was therefore used. For a
decay like fp(1500) — oo, there is no K—matrix descrip-
tion of the amplitude. We use a Breit—Wigner parametri-
sation allowing for different partial widths, see eqns. (5),
(6). The two tensor states f2(1270) and f2(1565) are also
described in this way, with a Blatt—Weisskopf barrier fac-
tor squared, B2(q,qo) [17].

In addition to the (dominant) scalar intensity we find that
m(1300)(77)s plays an important role in describing the
data. We have included the 7(1300) with decays into both
pm and (7m)m using a modified Breit—Wigner for the two
decays into pr and (77)s7m decays. In this formulation, we
rewrite the partial width of a decay in terms of a nor-
malized scale parameter 72, = I, /(I0p%,), and the res-
onance parameterisation is given by:

BW,. = (M

YormoloB' (g, qo)
[P1(M)Vmy.w + (B'(2,20))7 p2(m) ;]

mg —m? —imoly

BW(T\'T\')ST\' = (8)
Y(rn)s T\'mOFO
2 1 2 2
[P1(M)Vrmy,w + (B (2, 00))% p2(m) ;]

mg —m? —imolp
The nominal mass and width of the 7(1300) are mg and
Iy, respectively, m is the actual mass, ¢ is the decay mo-
mentum of the lone 7 recoiling against the p or the (77)s—
wave in the 7(1300) rest—frame at a 3-pion-mass m, qo
is computed at the mass mg. The phase space factor is
p(m) = q/2m, and B'(q,qo) is the ratio of barrier factor
evaluated at g over the barrier factor evaluated at ¢p. Cor-
responding amplitudes are defined to describe production
and decay of p-states (denoted as p’ in Table 1) decay-
ing into four pions. The a;(1230) is described by a one—
channel Breit—-Wigner amplitude.
An unbinned maximum likelihood fit is used, where the
quantity —2log £ is minimized using the MINUIT program.
This procedure fits the full 8-dimensional phase-space of

the 57 final state. A sample of 22000 Monte Carlo events
which have survived exactly the same cuts as the real data
are used for normalization.

3.2 Fits to the 747 data set

The minimal hypotheses assumes one scalar resonance
decaying into (7m)s(nm)s and a p~(1450) decaying into
p(mm)s. This fit yields a scalar mass and width of

m ~ 1400 MeV /c? and I' ~ 250 MeV /c? which is consis-
tent with earlier publications on p/N annihilation into five
pions [23-25]. However, the data are not well described,
particularly in the peak region of the 47° invariant mass.
The introduction of an additional scalar resonance,
fo(1500), leads to a large improvement of 300 in 2In(L)
and a superior description of the 47° peak region.

Next we introduce the amplitude for pn — 7(1300)(77)s,
fitting the 72 terms in eqns (7) and (8) which describe
the decay rate into the two final states. This leads to an
improvement of 1900 in 2In £ which is a highly significant
change. From this fit, we find that 7(2M)7r = 0.01 £ 0.01

and 72, = 0.9940.01. This result indicates that the dom-

inant decay of the m(1300) is pm. Based on a systematic
study of these quantities, we find an upper limit on the
decay into (77m)sm as:

BR [7(1300) — (7m)s7]

0.15
BR[7(1300) = pr]

(9)

This can be seen in Fig. 2,3 where we plot 21n £ as a func-
tion of the 7(1300) mass for both decay modes. The pm de-
cay shows a pronounced peak near a mass of 1400 MeV /c?
and a width near 270 MeV/c?. The same plot for the
(rm)sm decay shows no evidence for the 7(1300). Based
on this, we have only included the 7(1300) — pm decay
in the final analysis. All amplitudes in Table 1 involving
m(1300) — (7w7)s7 are neglected.

Now we consider the p(1450) and p(1700). Both of
these states have been observed in pp-annihilation via
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Amplitude Parameters fraction
D fo o (rm)s(nm)s m = 1395 %+ 40 MeV /c?,
I =275 + 55 MeV/c? 68.9 + 4%
D, fo = (xm)s(mm)s m = 1490 + 30 MeV /c?,
I = 140 + 40 MeV /c? 6.7+ 0.7%
B fo o (xm)s(nm)s m =1770MeV/? T, I =170 MeV /2T 0.5 — 3%
7(1300)(7m)s, 7(1300) — pr  m = 1375 + 40 MeV /c?,
I = 268 + 50 MeV /c? 5.4+ 0.4%
p(1450)7; p(1700) 7 m = 1435 MeV/c* T, ' =325 MeV/c* T 3.6 £0.5%
m = 1700 MeV/c* T, I'=235MeV/c* T 10.1 +£1.2%

Table 2. The fit results for the 7~ 47° data. The masses and widths marked with a ‘4’ have been held fixed at the given value.
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pm decay allowed. All amplitudes given in Table 2 have been
introduced.
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Fig. 3. Scan of the 7(1300) mass and width, only w(1300) —
on decay allowed. All amplitudes given in Table 2 have been
introduced.

their 27 decays in the 7~ 77 final state [15]. In this anal-
ysis we allowed for the decay modes given in Table 1. Both
p states contribute at the few percent level but we are
not sensitive to the mass and width of either the p(1450),
p(1700) or the a;(1230). The fit finds broad and shallow
maxima in 2In L consistent with the p parameters from
our 27 studies and with the world average for the p and
a; parameters [12] with no sensitivity to the precise val-
ues. Hence we fix the parameters to the mean values of
[12] and [15]. The effect of these additional amplitudes
increases 21n £ by about 600. A detailed discussion of the
different decay modes of these states will be given else-
where [26], including the information from a third 57 final
state which allows for additional decay modes.

After introduction of all the amplitudes given in Table 1,
we return to the discussion of the scalar states. In par-
ticular, we have tried to describe the data using only one
fo state decaying into 47°. Figure 4 shows the data for
the 470 invariant mass. Superimposed is the best fit with
one fy and that with two fy states. Both the peak region
and the high mass edge of the peak are poorly described
with only one scalar state. This is significantly improved
with the introduction of a second scalar state. The fit
to the mass and width of these two states optimize at
m = 1395 £ 40 MeV/c? and I" = 275 + 55 MeV /c? for the
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Fig. 4. The 4x° invariant mass from the 7~ 47° final state.
The shaded distribution shows the data, the line the best fit
with a) only one fo, b) two fo-states allowed.
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lighter state and to m = 1490 £ 30 MeV /c? and
I' = 140 £ 40 MeV /c? for the heavier state. The maximum
in 2In £ are shown in Fig. 5,6 for the two scalar states.
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Fig. 5. Scan of the f,(1370) mass and width. All other ampli-
tudes given in Table 2 have been introduced with fixed masses
and widths.
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Fig. 6. Scan of the f,(1500) mass and width. All other ampli-
tudes given in Table 2 have been introduced with fixed masses
and widths.

The fo(1500) width is consistent within statistical errors
with the PDG value of 112MeV/c? [12]. However, these
fits tend to prefer a larger width, therefore we use a width
of 130 MeV /c? throughout this analysis. We have also in-
troduced an fy(1770) state with mass and width taken
from [27], m = 1770 MeV/c? and I' = 170 MeV/c?. The
state leads to a very small improvement in 2In £, and a
slightly better description of the data in the high mass
47° region, but the data are not sensitive to its mass and
width. The introduction of this state with free parameters

tends to destabilize the remainder of the fit and we are
unable to establish if it is present or not. If the f(1370)
given above is replaced by direct oo production or a very
broad resonance decaying into oo, like the fo(400—1200),
2In(L) gets worse by more than 400. Further tests have
been made introducing a direct pow- or com-amplitude
in addition to the fy(1370) and the f5(1500). In the first
case the change in 2In(L) is insignificant and the influ-
ence of the additional amplitude on masses and widths
is found to be negligible, the contributions of the differ-
ent states are within the errors given. Introducing a direct
oom-amplitude leads to an improvement of 120 in 2In (L)
but the fits have a bad convergence behaviour. If the pa-
rameters of the fp-states are left free, the mass and width
of the fp(1500) found are no longer in agreement with our
previous findings [6-11]. Therefore we consider this solu-
tion as unphysical.

Table 2 summarises the results of the best fit to the 7~ 479
dataset. All fractions are calculated excluding the inter-
ference with the recoil meson, as explained in [13,26];
they do not necessarily add up to 100%. The contribution
of the a;(1230)(7m)s—amplitude is found to be negligible.
Also the contribution of both f2(1270)7 and f2(1565)w
with the fy’s decaying into

(rm)s(nm)s are found to be less than 0.5%. This is con-
sistent with the known production and decay rates of the
f2(1270).

Several projections of the data are compared with the best
fit in Fig. 7. The quality of the fit is in general very good,
most of the visible deviations from the data are certainly
within errors (the errors in the fit are not shown, but are
of similar size to that of the data). The most noticeable
deviation is in the 7~ 7° invariant mass where the fit un-
derestimates the p~ peak. We have not found a consistent
interpretation of the stronger p~ in the data. A better de-
scription can be found by incoherently adding any small
amplitude including a p~ (e.g. an amplitude where the
annihilation occurs from an initial P—state), but without
a full treatment of the P—states, this seems to be rather ad
hoc. In any case, the results of this paper are not affected
by such an inclusion.

In addition to the amplitudes mentioned in Table 1, a
possible a1(1230)7 decay mode of the scalar states has
been tested, using an a4 (1230) fixed to PDG values for
mass and width. The fit accepts a small contribution of
the fo(1370) decaying into ay(1230)[— om]m (less then
4% of its oo—decay) but the parameters of the a;(1230)
itself are not stable in the fit. The introduction of an
f0(1500) — a4(1230)[— on]m amplitude does not lead to
an improvement. When this decay is included in the fit to
the 57° data as discussed in the next section, it improves
the description of the data slightly, but the results are in-
consistent with the 7~ 47° results. We conclude that there
is no evidence for this decay mode.
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Fig. 7. A comparison between the data, (points with error
bars), and the fit, (shaded region), to the 7~ 4x° data set. The
effect of the n-anti-cut in the 37°-invariant mass is clearly
visible.

3.3 The reaction pp — 57°

Table 1 shows that all amplitudes contributing to the
pp — 50 data [13] contribute also to pn — 7~ 47w°. We
have therefore reanalyzed the former data by introducing
the masses and the total and partial decay widths of the
contributing resonances found in this analysis. We have
found that it is not only possible to fix the masses and
widths but also the absolute ratios of the relative produc-
tion strengths § of the scalar states.

If one compares reactions (10) and (11)

ﬁn(lso) — 71'7f0, f() — 470
pp(*So) = 7°fo, fo — 47°

(10)
(11)

one would expect no difference between the relative pro-
duction strengths | 8 | of the different resonances if the
same decay modes appear in both final states. This is not
necessarily true for the phase of the 3’s since interferences
or rescattering effects can be different in the two reactions.

If one leaves the relative production strengths free in the
fit, they change by less than 20% from the values found
from the 747" data, depending on the exact values cho-
sen for mass and width of the contributing fo—states. The
description of the data reached by fixing all masses, widths,
partial widths and in addition the relative production
strength to the values from fitting 7~ 47° data set is shown
in Fig. 8. The description is excellent. The dominant con-
tributions in the 57° data are two scalar states decaying
into (7m)s(mm)s, the fo(1370) (37—42%) and the fo(1500)
(3 —6%). The contribution of tensor states decaying into
(rm)s(mm)s is again below 0.5%. The introduction of a
third fo(1770) leads to a small improvement in the high
mass region of the 47° spectrum with a contribution of
about 1%. The branching fractions are computed ignor-
ing interferences with the recoiling meson and do not add
up to 100%.
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Fig. 8. Quality of the fit to the 57° data. Masses, widths and
the relative production strength of the particles have been fixed
to the results found in fitting the 7~ 47° data set. The data are
shown as a line with error bars while the fit is the shaded area.
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For the total branching ratios of the two scalar states we
find:

BR (pp = fo(1370)a° — (m)s (mm)s7°® — 57°) =

(28.4 +6.0) - 104 (12)
BR (pp — fo(1500)7° = (n7)s(r7)s7° — 57°) =
(2.8 1.5)- 104 (13)

These can be combined with an earlier analysis on the 37°
final states to obtain information on the relative branching
ratios.

Using the result from reference [28] of

BR [pp — fo(1370)7°, f5(1370) — 7°7°] =

(6.4+2.4)-107*, (14)

we find the relative rate:

fo(1370) — (77)s(mm)s — 47O
7o(1370) = 270

—44+19 (15)

The (7m)s(7mm)s decay of the fo(1370) is significantly larger
than the 7°7° mode. The dominance of the 47 decay
modes compared to its decay into two pseudoscalar states
becomes even more obvious including other modes like pp,
7*(1300)7 and ay 7 [26]. Using the results on the 27 decays
of the fp(1500) from reference [28]

BR [pp = fo(1500)7°, fo(1500) — 7°7°] =

(8240.9) x 107*, (16)
we find the following relative rates for the fo(1500):
1 470
fo(1300) = (rm)s(mm)s = 470 _ a4 4 019 (17)

Fo(1500) — 270

In [26] additional 4m-decay modes of scalar states e.g.
pp, 7*[— pr|m and a;[— pr]w are investigated. The re-
sulting branching ratios are summarized in Table 3 to-
gether with the branching ratios for the decays into two
pseudoscalar states. The 47 rates take into account the
isospin Clebsch-Gordan coefficients. The role and treat-
ment of interference effects are discussed in [26].

The 47-decays of the f(1370) are the dominant decay
modes; in particular the two decays into oo and into pp
are very strong. Also for the fy(1500) we find that the 47-
decays are important, they cover about half of all decays.
The WA102 collaboration reports that the f5(1500) decays
into pp and oo while the f;(1370) decays dominantly into
pp [30]. This is incompatible with our findings: the peak in
the 47° invariant mass of Fig. 7 and 8 cannot possibly be
explained by the f3(1500) alone. The implications of this
discrepancy for the scalar states were discussed in [33].

The results quoted above differ from those obtained in
[13]. In [13] the pp — 57° channel was analyzed without
the knowledge from 57 final states involving charged par-
ticles about the scalar states and the 7w(1300). The main

result of that analysis was the need for the fo(1500). It was
found to decay strongly into oo, but also in 7(1300)7 with
the m(1300) decaying into om. In this new analysis it is
shown that the w(1300) does not decay into or. In [13] two
solutions were found; one with a broad non-resonant oo
interaction, and one with a "narrow” f,(1370). Only the
solution with the ”narrow” f,(1370) is compatible with
the reaction pn — 747", The advantage of the latter re-
action is the uniquenes of the 47° system while there are
five 47° combinations in the reaction pp — 57°, and in
the construction of 27° and 37° systems the number of
combinatorical solutions increases further. Furthermore,
the amplitudes for for* — oon®, for® — 7(1300)7°7° —
om27% — 57° and 7(1300)0 — on°27° — 570 have
all the same angular distribution and are difficult to dis-
entangle. These circumstances led to a fit in which the
m(1300) — om decays seem to play a significant role. We
note that the likelihood of the fit to the 57° data im-
proves when amplitudes including the 7(1300) — om de-
cay mode e.g. the fy(1500) — 7(1300)[— on]r decay are
introduced. Now, this decay mode is definitely excluded by
the new information. This new analysis describes different
datasets in a consistent way (see also [26]). The number
of events assigned to the fp(1500) and hence the 47 /27
decay ratio of the fy(1500) is reduced compared to [13].

The branching ratios of Table 3 may provide for a dis-
crimination between different glueball-quarkonia mixing
scenarios. Decays into two pseudoscalars alone does not
seem to allow a decision between different mixing schemes
[2,4]. Even a decay analysis of the f5(1500) into two pseu-
doscalar mesons within an instanton driven decay process
is compatible with the measured f,(1500) decays into two
pseudoscalar mesons [31]. In a recent calculation, decays of
the gg component of the fy; wave functions are calculated
using the ®Py-model; glueball components are supposed
to consist of two constituent gluons which convert pertur-
batively into two gq pairs [32]. The calculation is carried
out for the mixing schemes of [2,4]; the theoretical results
do not agree with our measured partial widths (Table 3)
for neither mixing scheme. So either the approximations
made in the model are not valid or the mixing schemes do
not correspond to the physical situation. A better under-
standing of the scalar mesons would require that the decay
modes of the three states - fo(1370), fo(1500), fo(1770)
- are calculated; this analysis and earlier Crystal Barrel
data provide the experimental information at least for the
two lower mass states.

4 Summary

We have performed a partial wave analysis of the reaction
pd — 7r’47r0pspectamr. This final state is dominated by
fo(1370) — (7°7%)4(7%7°)s. We have determined its mass
and width to be m(fo(1370)) = 1395 + 40 MeV/c? and

I'(fo(1370)) = 275 + 55 MeV /c2. We find that f,(1370)
decays dominantely into 4m. Its decay into oo — 470 is
more than 4 times larger than into 7°7°. The 47° decay
of the f3(1500) is about 1/3 of its 27° decay. Including all
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| I oo [ o | mm ] arm [ 4r ]
fo(1370) 106.8+28.65 55.1+21.1 36.8+17.0 12.5+5.4 211.2
f0(1500) 10.4+6.1 5.0+4.3 19.84+14.9 4.843.3 39.9

| I T | m 1 m ] KK > 1
f0(1370) 19.2 £ 7.2 0.4+ 0.2 7.0+1.6 —18.8+4.0 32.5
fo(1500) 24.6 + 2.7 1.91+0.24 1.61 £+ 0.06 4.5240.36 32.6

Table 3. Product 4w-branching ratios for fo(1370) and fo(1500) production and decay ( BR(pp — fomr - ABm — 47 7) ) in
comparison with the branching ratios into two pseudoscalar states (in units of 10”*). The branching ratios include interferences
within the fop-decays but exclude interferences with the recoiling pion. The pp, 7*m and a1m branching ratios have been deter-
mined in [26] where the 7*- and ai-decay into pm can be observed. The branching ratios in the second row are taken from [11,

28,29].

41 decay modes the 47 decay represents about half of its
total width.
The 7(1300) is seen recoiling against two pions in S-wave.

10

11

We find a mass and width of m(7(1300)) = 1375 + 40 MeV /c?
12.

and I'(7(1300)) = 268 + 50 MeV /c?, respectively. Its
(rm)sm partial decay widths is smaller than 15% of its pm
decay width.
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