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Abstract. The spin-parity analysis of the data on the pp — 27" 27~ annihilation reaction at rest in
liquid and in gaseous hydrogen at 3 bar pressure and in flight at p momentum of ~ 50 MeV/c, collected
by the Obelix spectrometer at the LEAR complex of CERN, is presented. The relative branching ratios
(a1(1260) — om)/(a1(1260) — pr) = 0.06 £+ 0.05 and (7w(1300) — om)/(7(1300) — pw) = 2.2 + 0.4 are

obtained. It is also shown that the inclusion of the exotic meson m1(1400),

JPC= 17" mass and width

M =1.384+0.028, I' = 0.378 = 0.058 GeV/(:27 in its decay to pm, improves the fit and some implications
of these results are briefly discussed. The relative S and P-wave annihilation percentages in four charged

pions at two target densities are obtained.

1 Introduction

One of the most interesting aspects of the
pp — 2w 21 (1)

annihilation at low energy is the possibility of producing
many light mesons, according to the list of Table 1.

The first analysis of the reaction (1) goes back to about
30 years ago, when Diaz et al. [1] analyzed 6 665 annihila-
tions at rest in a liquid hydrogen (LH2) bubble chamber. A
satisfactory fit was achieved by considering the production

of what presently are called the p(770), a1(1260), f2(1270)
and a2(1320) mesons, together with a w7 S-wave with poles
at 0.8 and 1.1 GeV/c? and a zero at 0.94 GeV /c?. The spin-
parity analysis was performed by assuming only 'Sy and
381 pp protonium initial states. However, from the ensem-
ble of the existing data on pp annihilations at rest now it
turns out that the percentage of protonium annihilations in
P-waves in liquid is larger than 10% [2-4]. We note that
the inclusion of the four P-waves of Table 1 makes the anal-
ysis difficult, because the intermediate states produced by
the annihilation contain many large-width resonances that
overlap or interfere each other.
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Table 1. Possible intermediate states (channels) in the pp — 27127~ reaction (no-
tations are from (5) and (6)). The exotic state 1~ is indicated as w1, o stands for
the (mm) S-wave interaction and p’ for the p(1450) meson. Only the lowest angular

momenta L are considered

p channel I L i s Pp channel I L 1 s
1So pp 0o 1 1 1 5P, oo 0 0 0 O
a2(1320) 0 2 2 1 pp 0o 0 1 1

T 0 1 1 1 o f2(1270) o 2 0 2

38 po 1 02 1 0 a1(1260) 0 1 0 1
po 1 02 1 0 [7(1300)]ozr O O O O

p f2(1270) 1 0 1 2 [7(1300)],»c O O 1 1
a1(1260)7 1 0 0 1 5p pp 0 0 1 1
a2(1320) 1 2 2 1 a1(1320) 7 0O 1 0 1
[r(1300)]orm 1 1 0 0 a2(1320) 0o 1 2 1
[m(1300)]pr w1 1 1 1 o f2(1270) o 2 0 2

T 1 1 1 1 T 0 O 1 1

1p po 1 1 1 0 3Py pp 0 0 1 1
a1(1260) 1 1 0 1 oo 0O 2 0 O
a2(1320)w 11 2 1 a;(1260)r 0 1 0 1

p f2(1270) 1 1 1 2 a2(1320) o 1 2 1

T 1 0 1 1 o f2(1270) 0O 0 O 2
[7(1300)]o»r O 2 O O

[7(1300)]pzr O 2 1 1

To overcome this difficulty, we decided to study the re-
action (1) in flight with low momentum p and at rest with
targets of different density. The annihilation in flight at
very low momentum proceeds mainly from S-wave, with
a P-wave contribution of about 4%, for a p momentum
of about 50 MeV/c [5-7]. On the contrary, the annihila-
tion at rest takes place after the electromagnetic cascade
of the antiprotonic atom and the percentage of annihila-
tions from the S and P-atomic states varies with the target
density [2—4]. In this way the mixture of the six pp partial
waves or initial states is changed, together with the corre-
sponding meson production from the intermediate states.
In principle, the combined spin-parity analysis of these
data should help to disentangle the contributions of the
various mesons.

In 1997 our Collaboration published the spin-parity
analysis of a sample of 31157 annihilation events taken in
flight at very low p incident momentum (~ 50 MeV/c) [8].
The best fit solution required also the presence of a p(1450)
state and of a heavy pion 7(1300). However, these contri-
butions were small and only the S-wave was considered,
omitting the 4% of P-wave contribution.

This study continued with the combined analysis of two
samples obtained from the annihilation at rest in gaseous
and in liquid hydrogen (LH2) targets [9] and with the very
preliminary analysis of all the three samples [10].

Here we present the final results of the spin-parity analy-
sis of these three samples, obtained through the continuous
refinement of our algorithms and models of the amplitude

(see Sect. 3) and with the inclusion in Table 1 of a set of
intermediate states more complete than that considered
in [10).

One of the points of our investigation is the system
(rt7~) with the two pions in relative S and P waves.

The 7 isoscalar S-wave, known in the past as the o me-
son or the o interaction (and noted in this way in Table 1),
has been studied extensively during the last decades. An
updated reanalysis of the topic can be found in [11], where a
full set of references to earlier works is also given. At present,
this wave is parametrized as the coherent sum of four poles:
the broad fy(600) (now called the o, I' >~ 600 MeV),
the narrow f(980) (I" ~ 50 MeV), the broad f(1370)
(I' ~ 300 MeV) and the narrow f;(1500) (I" ~ 100 MeV).
In the previous work [8] we verified that the data in flight
were compatible with a three pole S-wave; here in Sect. 3
we check this point by fitting the three data samples, com-
paring this result also with that obtained with some recent
four pole amplitudes.

For what concerns the (777~ ) P-wave, in addition to
the huge p(770) signal, there is some uncertainty about the
parameters of the p(1450) and p(1700) radial excitations [8,
11]. In our case we considered only the lower mass p(1450)
case, listed as p’ in Table 1. Here we investigate further
the influence of the p’ mass on our best fit solution, since
in our previous analysis we found a mass lower than that
quoted in the Particle Data Group (PDG) [8].

Another important reason for our interest in the pp —
27" 27~ channel concerns the exotic meson 71 (1400) with
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quantum numbers J¥¢ = 1=+, I = 1, which is a candidate
for a hybrid meson or a multiquark state, with quantum
numbers not accessible to the gg system. The evidence of
its existence comes from two different experiments that
analysed the decay mode into nm [12-15].

In these data we search for this meson by analyzing the
m1 — prm decays, that are allowed from the 'Sy, 351, 1P,
and 3 P; states. For the first time we consider here also the
7, production from S-states and perform a grid search to
find the best fit mass and width values.

Finally, we consider also the 7(1300) meson (indicated
also as 7’) production and its decay branching ratio into px
and om, which is still not very well known experimentally
(theoretical predictions can be found, for example, in [16]).

The amplitude obtained taking into account all these
physics aspects and the intermediate states of Table 1 gives
much better x? values than in [10]. The results will be
discussed in detail in Sect. 4.

2 Event selection

We consider a total of 90000 annihilation events from re-
action 1, divided into three different data sets, each one
with ~ 30000 annihilation events, obtained at rest on a
LH2 target, at rest on a gaseous hydrogen target (at 3
bar pressure) and in flight at very low incident antiproton
momentum (around 50 MeV/c).

The data were taken until the end of 1996 with the
Obelix spectrometer at the Low Energy Antiproton Ring
at CERN.

The whole apparatus was immersed in a magnetic field,
reaching the maximum value of ~ 0.5 T along its axis. In
order to optimize the number of the annihilation events, the
inner part of the apparatus was different for the different
data samples. For the annihilation events at rest in the
gaseous hydrogen target and in flight at low momentum, a
20 cm radius and ~ 50 cm length cylindrical target has been
used, containing gaseous hydrogen at 3 bar (at rest data)
or 0.8 bar (in flight data) pressure. A detailed explanation
of the experimental layout and of the in-flight annihilation
selection is given in [17,18]. For the annihilation events at
rest in LH2 the target was the same used for the n data
taking [19].

The targets were surrounded by a first layer of 30 thin (1
cm) plastic scintillators, arranged in a barrel and providing
the start for the time of flight system (TOF). The incident
antiprotons were selected by requiring the coincidence of
the signals of the beam scintillator and this scintillator
barrel. The outer scintillator barrel (90 elements, 9 x 4 x 350
cm? each) allowed the first level trigger on multiplicities
and on particle identification. A Jet Drift Chamber (JDC),
placed between the two scintillator barrels, was devoted
to the tracking of charged particles, with a momentum
resolution of ~ 2% for pions around 300 MeV/c [20]. The
JDC allowed the determination of the annihilation vertex
and contributed with the TOF to the identification of the
event topology and to the particle identification through
the dF/dx measurement.
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Fig. 1. Missing mass squared distribution of the 4-prong events
that pass the selection criteria described in the text. The peak
corresponds to the pp — 27727~ channel, the shoulder at
its right contains mostly pp — 27127~ 7% events, whereas
the underlying flat background comes mainly from the pp —
ntn~ 270 reaction

The complete description of the apparatus can be found
in [21].

For each data set we collected about 4 108 annihilation
events with a four prong TOF multiplicity trigger. About
one tenth of these events(~ 3.510°) passed the following
“4-prong” selection criteria:

- four tracks successfully connected to the vertex into the
fiducial target volume;

- zero total charge;

- track lengths > 20 cm, to have a momentum resolution
< 2% [20].

The typical missing mass distribution (for in flight annihi-
lation) of the 4-prong events obtained with this selection
procedure is shown in Fig. 1. Finally, the pp — 27727~
events were extracted from the 4-prong sets by applying a
four-constraint kinematical fit with 95% C.L. At the end of
the selection, the three final data sets had ~ 30000 events
each. All this procedure was carefully repeated with the
Obelix Monte Carlo code, and the resulting background
contamination resulted less than 1%.

The contamination from the pp — KgKg — 272~
reaction is negligible, since the K2 K2 intermediate state is
forbidden from S-wave initial states, so that the measured
frequency in LH2 is consistent with zero ((4 & 3) 1076,
from [22,23]) and in a NTP gas target is very low ((3 £
1)107°, from [24]). Comparing this last value with the
frequency (4) and taking into account the K% — wn—
branching ratio, one obtains an upper limit contamination
of 7 KgKg events in a sample of 30000 events.
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Fig. 2. Bidimensional invariant mass distributions for pp — 27727~ experimental data taken in hydrogen targets at three
different conditions. The number of combinations per event is 4 for M (r m, ) versus M(rS ;) (top) and 8 for M (nfm, ©F)

versus M (7w, ) (bottom)

The pp — 27727~ reaction branching ratios have been
previously measured and are:

By (in flight) = (7.61 4+ 0.35) 1072 ,
By, (liquid) = (6.00 +0.24) 1072 |
Byr(NTP gas) = (6.440.9) 1072,

(2)
(3)
(4)

where the value (2) comes from our previous analysis of the
in flight data [8], the value (3) is the weighted average of the
values at rest in LH2 (6.940.6) 102 [1], (5.840.3) 1072 [22],
(5.94£0.5) 1072 [23] and the last value (4) comes from the
annihilations at rest in gaseous hydrogen at NTP of [24].

We assume in the following that the NTP gas value
is a good estimate also for our 3 bar gas target in spite
of the different target pressures, because the interpolation
of the P-wave percentages between 1 and 15 bar target
pressures shows that the branching ratios taken at 3 bar
target pressure can differ from the NTP ones by no more
than 5% [2,25].

As discussed before, the three data sets are expected to
be very different for what concerns the mixture of partial
waves involved in the pp annihilation.

This behaviour is confirmed by our data, as reported
in Figs. 2 and 3. In the 777~ scatter plots of Fig. 2 a
strong pp signal is present in each sample; a system made
by a p recoiling against a w7 couple (the o) with an energy
around 1.1 GeV is also evident in the in flight and liquid
target samples, that is in association with a high fraction
of S-waves. Figures 3a, b, and ¢ show clearly that the

production of the f5(1270) meson increases with P-wave.
Finally, the scatter plot of the three pion invariant mass
versus the two pion one of Fig. 2 and the spectra d, e, and
f of Fig. 3 show a clear as(1320) production, associated to
a more complicated dynamics.

3 The amplitude

We assume that the amplitude for the pp annihilation into
four pions is well described taking into account the two
following decay chains :

pp—[ABl L= (7)1, (77)1,] (5)

(6)

where A and B are resonant states and L, Iy, lo are the
two particle orbital angular momentum quantum numbers.
The possible intermediate states (channels) are summa-
rized in Table 1.

The decay intensity 7 for the annihilation at rest can be
written as an incoherent sum over the six lowest pp atomic
states of Table 1 with JPC (or 2°T1L;) fixed quantum
numbers. Indicating with the index J these atomic states
we can write:

J(q1,92,93,q1) = Z | Ay |?  where
J

pp—[An]L— [ [Bﬂ']l1 7T]L—> [ [(Wﬂ)lzw]llﬁ} .

(7)



The OBELIX Collaboration: pp annihilation into four charged pions at rest and in flight 25

750

500

Nevent/(14 MeV/c?)

250

1000/ (@) Gos in fiight | (b) Liquid ot rest

- (C) Gas ot rest

L L ‘ L L L L
0055 1 15

1.5 1.5

800k (d) Gos in fiight

600

400

Nevent/(14 MeV/c?)

200~

[ (€) Liquid ot rest

I (f) Gos ot rest

1 1.5
CeV/c?

Fig. 3. Comparison between experimental data (points with error bars) and theoretical amplitude (histogram) from fit D. a,
b, c: M(ntn7), d, e, f: M(7r+7777ri) respectively for the three different data sets. The number of combinations per event is 4

for all the plots

Ay = Z[aﬂc CrZji(q) Fi(q))p = ZaJk fokp ;

Tkp k Ip

where ¢;, i = 1,2,...,4 are the four-momenta of the final
pions, CTg are the isospin coefficients, a ji are the complex
parameters to be fitted, Zp stays for the permutations
over identical particles, k = (L, 11, l2) identifies the set of
quantum numbers of the states listed in Table 1, Z ;1. (q) are
the spin functions, F' describes the energy behaviour of the
decay chain and q denotes the set of break-up momenta of
the intermediate states of the reaction. The normalization
is such that |asx|? represents the fraction of events due
to the corresponding Fry,, isobar amplitude, ignoring the
interference terms.

The decay intensity for the in-flight annihilation events
is written as an incoherent sum over the four possible
(Ap, —Ap) helicity states of the pp system, corresponding
to the three spin component values M; = 0, +1:

J(a1,42,q3,q1) = Z | A, | where (8)

Ap, A

Ax,ny = Z[QJ,AP)\FIC CrZx, >y () Fx,n1(0)]p -
IJp

We note that in (7) states with different J = JF¢ add
incoherently because they are in principle distinguishable
(as the protonium cascade X-rays are observable), whereas
in (8) the states with different J¥'¢ values interfere [26].
Since in (7) the complex coefficients aj;, parametrize
the isobar decay probability from a certain JZ¢ state, one

usually assumes a; = ajp, | M| < J, so that any term
ajx,x, in (8) corresponds to a term ayy with M = 0, £1.
In this way, for the in flight data the free parameters are a
subset of the a; coefficients of the at rest amplitude, and
the connection between the in flight and at rest amplitudes
is assured during the fit.

The spin functions Z are written in terms of the covari-
ant Zemach tensors in the formulation of [27], extending
the formalism to the case of the (pp); system in a relative
angular momentum [ = 1 (see the Appendix). All these ten-
sors give the same spin amplitudes of the covariant helicity
formalism of [28].

As in our previous paper [8], the complex functions
Fy(q) describe the energy-dependent part of the ampli-
tudes. In most of the cases of Table 1 they are writ-
ten as a product of Breit-Wigner functions describing the
resonances present in the decay chain, parametrized as
in [29,30]:

I molo

F(q) _ (qR)l Wl(q) m(Q) —m2 imof(m) (9)
_mo g Wl2(Q)

F(m) m qo WZZ(QO)

where R = 1 fm (a typical value [30]), qo is the break-up
momentum calculated at the resonance mass value, [ is the
relative angular momentum of the resonance decay prod-
ucts, and W; are the Blatt-Weisskopf centrifugal barrier
factors. The first three coefficients with [ = 0,1, 2, are:

WO(Q) =1 )
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1/2
Wald) = oR {1+<2qm2} , (10)
) 13 2
Wa(q) = (¢R) {9+3(qR)2+(qR)4} '

The factor 1/(¢R)! multiplying the Breit-Wigner function
eliminates the terms (¢R)! in (10), since they are already
present in the covariant Zemach tensors. On the contrary,
this correction is absent in the definition of the widths
I'(m).

The break-up momenta q( ) for the decays into two
pions are calculated as g(m) = m /1 — (4m2/m?)/2 and
the two-body phase space 1s given by p(m) = 2q(m)/m.

In the case of quasi two-body decays to describe the
partial width mass dependence we evaluate the phase space
factor integrating the squared decay amplitude over the
three-pion phase space available @3

:/|Aj\2d¢’37

where A is the decay amplitude of a;(1260), a2(1320),
m(1300) or m and j = (pm), (om) stands for the decay
mode. For instance to describe the spin-0 resonance de-
cays m(1300) — om , 7(1300) — pm, with nominal mass
and width mg and I and the coupling coefficients ’y]z =
(I;/Tv)/p;(mg), we use the Breit-Wigner function [29,31]:

(11)

[Fr(a)l; = m2 — m?ﬁiﬂiﬂot(m) ’ (12)
with partial and total widths given by:
Ii(m) = Iy v?pj(m) (13)
Fiot(m Z I(
The decay branching ratio is defined in this case as:
(" — o) _ Y21 onPrl—om (o) (14)
T 5 pm) ~ 2smprrapm(m0)

As in our previous paper [8], the function Fj of (7),
for the case of the mm S-wave interaction (the o term in
Table 1), is parametrized in terms of the K-matrix formal-
ism [29]. Following the N/D method, it is possible to write
the o interaction in the form [32]:

_ (A1 +A28) K11 +ipa A3 (K11 Koo — K7o)
1—ip1 K11 —ipa Koo —p1p2(K11 Koo — K3,)

(15)

where s is the invariant mass squared of the w7 system,
and p; and po are the two-body phase space factors for
the decay into 7w and KK. The A production complex
parameters are different for each of the six initial pp states
of Table 1 and are left free during the fit when o is produced
in pp annihilation. For the ¢ produced by the resonance
decays, we use the A parameters fixed at Ay =1, A3 =0,

A3z = —1, corresponding to the usual K-matrix scattering
theory [29].

During the data analysis described below, we compared
the N/D approach to the P-vector one [29] and verified
that the two parametrizations give consistent results, as
in [33].

Finally, we treat the overlap of the p and pf resonances,
which have the same spin-parity and the same partial waves,
by writing the function Fj, of (7, 8) as a 1 x 1 K-matrix [29]:

Fr(m) = [1 —ip(m)K,y]

P

pp’

(16)

where

K ,:22: mil’ [W1(q)]2 1
7 plmy) [(Walg)] mi—m?

£ B[] (2)

! Wi(g;) | \ao; ) m3 —m?
and my, I';, p(m;) and g; are mass, width, two-body phase
space factor and break-up momentum of the two p’s. The
factor W7 is defined in (10). We drop also in this case, by
multiplying by (g;/q), the factor ¢ from the P-vector, be-
cause it is already present in the Zemach tensors. The com-
plex production parameters 3; are left free during the fit.
The data have been fitted with the maximum likeli-
hood method. Using the Minuit program [34] we minimize
the quantity — In(Lyot), where Ly is the total likelihood
Lot = Laight Liiquid Lgas- On each data set, the likelihood

is computed as

(17)

Ezjlj[vl%/(zjj\/[c) )

where N.,=30000, J; is the event by event decay proba-
bility of (7) and (8) and the denominator is the likelihood
normalization, evaluated (for each data sample) over a set
of 90000 Monte Carlo events.

The annihilation fractions from one of the six pp initial
states J are defined from the a ;g coefficients of (7) as:

> lasel?

Dk lagr|?

These fractions can be multiplied by the branching ratio
(2-4), giving the pp — 27727~ branching ratio from the
state J, that usually is written in the form [2-4]:

P;(6) Bix(0) = f1(0) E;(0) 9By ,

where the explicit dependence of the terms on the target
density § has been put in evidence. Here f; is the S-wave
(or P-wave) fraction in the case of the 1Sy, 3S; (or 1P
3Py 3P, 3P,) states, E; is the enhancement factor that is
equal to one when the population of the J state follows the
spin statistics, gy is the known spin statistical weight and
Bj is the density independent hadronic branching ratio
pp — 27727~ from the J channel.

Py = (18)

(19)
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Table 2. Results of fit A (see the text). The decay fractions are normalized to 100 for
each pp state, whose relative weight within the S and P-waves is also given. The 7’
indicates the 7(1300) pion and o the (wm) S-wave interaction. Some of the channels of
Table 1, suppressed for dynamical reasons and refused by the fit, are omitted here. The
interference terms for the amplitude of (8) are very different from those of (7), so for
the in-flight data we give only the total P-wave percentage. The xZis the pseudo-x? per
bin calculated over a set of 15 histograms (see the text)

Pp channel LH2 and gas Pp channel LH2 and gas
1S, all 24.54+0.5 3P all 25.440.9
38, all 75.5 4+ 0.5 5P all 9.4+1.0
p all 7.6+1.3 3Py all 57.6+1.2
1S, pp 31.84+0.9 5Py oo 60.5+ 1.5
asm 68.2+0.9 op 16.9+ 1.2

35, po 53.440.6 o fa 87+1.0
pfa 23.0+0.5 a1 12.3+1.2

a1m 18.0+ 0.5 ' 1.6+ 0.6

asm 2.34+0.2 P pp 36.2 + 3.4

' 3.3+0.3 o fa 23.7+4.1

p po 56.5 4 4.0 arm 10.14 3.4
pf2 10.3+0.7 asm 30.0 + 6.2

arm 0.74+0.2 3Py oo 24404

asm 32.5+4.8 o fa 483+ 1.3

arm 25.1+1.3

agm 20.2+1.0

s 4.0+0.8

P-wave percentages X2

flight LH2 gas 2In Lror flight LH2 gas
102+09 282408 64.6+0.9 61758 1.3 1.3 1.3

4 Results

The most important fits will be referred to as follows:

A) All the channels from Table 1 are considered, except
those concerning the 1 (1~F) production. The annihi-
lation fractions defined in (18), (19) from S and P-waves
(different L states) vary with the target pressure, but
the atomic S and P-sublevel fractions are the same in
liquid and at 3 bar hydrogen target pressure.

B) The same channels as in fit A are included. The anni-
hilation fractions from atomic sublevels can vary freely
as a function of the target pressure.

C) Same as fit A, but with the m; production.

D) Same as fit B, but with the 7; production.

The different fits are obtained by minimizing the log like-
lihood (17) and can be also qualitatively compared on the
basis of a x? per bin from a set of 15 histograms, empirically
chosen to give a x? tracking adequately the log likelihood
changes and assuming a value ~ 1 over a set of Monte
Carlo data when the right amplitude is used. However, in
some cases, in the vicinity of the best fit solution, this x?
behaves as an inconsistent estimator, remaining more or

less constant also when significant changes in the log like-
lihood are observed. For these reasons in the following we
will refer to this quantity as the pseudo-x2.

In Figs. 3 some of the histograms of the previously
mentioned set are shown. In Tables 2 and 3 the results
from fits A and D are presented.

The (77) S, P and D-waves considered in the fit are
listed in Table 1.

The more complicated is the (77) S-wave (indicated as o
in Tables 1, 2 and 3) since in the energy region available four
resonant states are present: the very broad fy(400-1200),
the fo(980), fo(1370) and f5(1500). The spin-parity fit has
been performed using different forms for the (77) S-wave: a
4-pole K-matrix from [35] and a 3-pole K-matrix from [36],
using (15) and the N/D method [32]. We stress that, in the
case of 3-pole K-matrix, the N/D method is equivalent to
the production vector approach, as both introduce three
complex parameters (for each initial state) in the fit and
it is possible to write the analytical relations between the
parameters in the two approaches. On the contrary, the use
of the 4-pole (77) S-wave in the P-vector frame introduces
four complex parameters: one more than the N/D approach.
Despite the different number of fit parameters, the two
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Table 3. Results of fit D and percentages of the intermediate states. Description as in Table 2, only
the % of atomic sublevels are different for annihilation in gas (3 bar pressure) and in liquid

pp channel LH2 gas pp channel LH2 gas
1So all 253+0.7 23.4+1.2 3P all 41.2+1.8 238409
381 all 747407  76.6+ 1.2 P all 1564+1.6 82408
p all 3.24+1.5 9.6 £0.8 3P, all 40.0£2.3 584+1.1
1S, p 33.1+0.8 3P oo 56.0+ 1.4
asm 58.4 + 2.0 op 16.3+2.5
T 8.5+1.8 o fa 8.7+0.9
35, po 52.0 + 0.7 arm 15.6+ 1.5
pfe2 24.6 £0.5 ' 3.4+0.7
arm 17.84+0.5 3P op 34.14+0.7
agm 1.9+£0.2 ofa 16.2 + 3.0
'r 2.8+0.2 arm 0.6 +£0.6
T 09+0.1 asm 20+2.0
P po 42,54+ 4.4 T 47.145.2
pf2 14.8 +3.8 5p, oo 21404
a1 4.3+1.9 ofa 51.6 £ 1.0
asm 34.7+£5.2 arm 223+£1.3
T 3.7+£2.0 agm 20.4 +0.9
' 3.6+£0.7
P-wave percentages X2
flight LH2 gas 2In Lror flight LH2 gas
10.3+£0.9 27.8+£0.8 63.54+0.9 62240 1.2 1.2 1.2
different (7w7) S-waves in the two approaches give similar g
results, both for histogram shape and likelihood values: <s

the fact can be explained taking into account that in our
channel only the low-energy part of the (7wm) S-wave is
important, which is very similar for the two (7w7) S-waves
used. In the following we will refer to the results obtained
with the (77) S-wave from [36] as it requires less free
parameters in the fit. The corresponding phase motion is
compared in Fig. 4 with the #m — 77 scattering data,
averaged from [37].

The (7m) P-wave was parametrized by the p(770) Breit-
Wigner function, while for the po state coming from the 25}
and ! P, initial states, we found necessary to include in the
(rm) P-wave also the p(1450) to improve the fit quality.
In this case we describe the p(770) and its first radial
excitation p(1450) in the same partial wave by means of
the two-pole K-matrix of (16). Since the p(1700) state is
very far from the phase-space available for our 47 channel,
it was neglected in our analysis.

The Fj, pole of (16) corresponding to the p(1450) is
found at a mass M = (1.360 & 0.010) GeV/c? and width
I' = (0.270 + 0.020) GeV /c?. These values are lower than
the nominal mass and width values quoted for this reso-
nance, but they result in full agreement with the weighted
average of the world data for the p(1450) — 7w decay:
M = (1.376£0.007) and I" = (0.290+0.008) GeV /c2 [11].
The use of different (wm) S-wave descriptions does not

1.5 )
M, [GeV/cT]

Fig. 4. 7w S-wave amplitude phase motion (solid line) com-
pared to the data from [37]

change significantly the low best fit value of the p’ mass.
This result could be due to the rescattering of the p’ daugh-
ter pions with the other two spectator pions, that the sym-
metrized decay amplitudes based on the isobar model do
not take into account [38].

For the resonances decaying into 3 pions through pm or
o we have considered the following well established states:
a2(1320), a1(1260) and 7(1300). Of these three mesons,
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only the relatively narrow a2 (1320) reveals a clearly visible
peak in the 37 invariant mass distributions (see Fig. 3).

We use the a2(1320) mass and width from the particle
data book [11], since they are known with rather good
accuracy. For the a;(1260) meson we use the values M =
1.230 GeV/c? and width I' = 0.400 GeV/c? from [11],
or we leave these parameters free in the fit; the best fit
result is obtained with M = 1.330 £ 0.024 GeV/c? and
I' = 0.58040.041 GeV/c?, a mass value in close agreement
with the CLEO results [39].

We cannot exclude that the large width observed for this
meson is due to the interference with the heavier a;(1640),
which is at the limit of our phase space. There is tentative
evidence for this meson in the 7 — v, 37 decay [39,40]
and, more recently, its existence has been suggested in the
analysis of the pp — 470 reaction in flight [41] and of the
Ppp — w3n? annihilation at rest [42]. Therefore, if this effect
is present in the data, our broad a; can be regarded only
as an effective parametrization of the 17 amplitude.

The fit assigns a negligible percentage to the a; decay
in om:

I'la; — om
Hlav = om) 064 0.05, (20)
I'(ay — pm)
in agreement with the previous results [11].
1.6
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For the w(1300) meson the best fit gives M = 1.200 £+
0.040 GeV/c? and I' = 0.470+0.120 GeV /c?. By using (14)
we find the 7(1300) decay branching ratio

I'(7(1300) — o)
I'(w(1300) — pm)

=22+04, (21)

a value not in good agreement with our previous result of
5.2 4 0.7 [8] but in full agreement with the old analysis of
Aaron and Longacre on the three-pion systems produced in
them™ +p — (37)+pand 7~ +p — (37)+p reactions [43].
However, we note that a recent spin-parity analysis of the
pd — 7r_471'0pspecmt0r reaction gives a completely different
value < 0.15 for this ratio [44].

Also the presence of the exotic J©¢ = 17F 7,(1400)
state proceeding through the pm decay has been investi-
gated. When the 1% production is included it improves
sensibly the fit, under many different conditions: with dif-
ferent (mm) S-wave and P-wave parametrizations, with the
a1 and 7(1300) mass and width values left free or fixed to
the mean values of [11], with the annihilation fractions from
antiprotonic atom sublevels fixed (fit A and C) or consid-
ered as free parameters varying with the target pressure
(fit B and D).

1.6
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N r *
> 12F >3 2.5
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Fig. 5. Absolute differences (in standard deviation units) between the bidimensional invariant mass distributions from fits B

and D (see the text) and the gas target data (3 bar pressure).

combinations per event is as in Fig.2

For clarity the differences < 1 are set to zero. The number of
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Fig. 6. Dependence of (—21In £) on m; mass for the set of 71
width values

It is also important to note that the fit results for the
masses and widths of a; and 7(1300) do not change sig-
nificantly also when the 7, contribution is considered.

The improvement in the fit due to the 1= contribution
can be seen in Table 4 where the fits A and C (A-C) and
the fits B and D (B-D) are compared. Since a unit change
in our likelihood corresponds to one standard deviation for
one degree of freedom, a five standard deviation improve-
ment corresponds, in Table 4, to a A(—21n L) change of
~ 50 for each data set (in flight, liquid and gas). There-
fore, we deduce that the introduction of the exotic gives a
definitive improvement in the data description. Since the
absence of the exotic in the 3 P; amplitude is compensated
by an increase in the a; and as production (see Tables 2
and 3), we observe only slight improvements in the scat-
ter plots after the inclusion of the exotic. However, the
improvement is present in all the spectra, with the best
evidence from the gas data (see Fig. 5). In particular, by
comparing Figs. 5c and d, one sees a significant improve-
ment in the M (7T~ 7%) invariant mass spectra around
the m; mass.

As a further check, we verified that the introduction of
a non-exotic state with J©¢ = 17~ and mass around 1.4
GeV/c? does not improve the fit quality, since in this case
A(—2In L) < 10 for all the three data sets.

Table 4. Changes in the log likelihood A(—21n L) when the
1™ exotic is removed and the remaining contributions are
re-optimized in the case of fixed (A-C) and free (B-D) S and
P atomic sublevel fractions

fits flight liquid gas total
A-C 180 142 100 442
B-D 181 160 101 422

n, width [GeV/c’]
(=}
W
T

=4
N
T

o —
%33 1.35 14 145

T, mass [GeV/cz]

Fig. 7. 10,20 and 30 error ellipses for the estimate of the m;
mass and width from the value of In £

We tried different fits, creating a grid of mass values for
the exotic with steps of 50 MeV/c? and evaluating the fits
on the basis of the difference in A(—21n £). The behaviour
of (—21In £) as a function of the 7; mass value is shown in
Fig. 6, and the minimum of —2In £ obtained by varying
both the m; mass and width is shown in Fig. 7. The best
estimate of the m; parameters is

M = 1.384 4 0.020 (stat) & 0.035 (sys) GeV/c® (22)
I' = 0.378 + 0.050 (stat) + 0.050 (sys) GeV/c®

where the systematic errors (written as +A/2, 100% cover-
age) have been found by varying the a;(1260) and 7(1300)
parameters within their PDG confidence intervals and con-
sidering the shift of our best fit p(1450) mass with respect
to the PDG value. This result is in agreement with the
present m; world data [11].

The exotic meson is produced mainly from the 'Sy and
3P, initial states, with a dominant production from the
3P, one, which is the only triplet state where there is no
orbital angular momentum between the produced m; and
the recoiling 7 (L = 0 in Table 1). The inclusion of the
production from this state gives best fit values for the a; and
ag production consistent with zero (see Table 3). If these two
mesons are excluded from the 3 P; state, the 7 production
increases from (47.1 £5.2)% up to (53.5 £ 5.3)% with a
negligible likelihood decrease. The difference between these
two percentages can be considered as an estimate of the
systematic error of the analysis.

To check whether the w1 presence could mimic possible
effects due to the apparatus acceptance, we repeated the fit
D without the in flight data. All the resulting intermediate
state percentages have uncertainties very similar and are
in agreement within errors to the data reported in Table 3.
The 7, fractions without the in flight data, for the 'Sy,
38y, 1P, 3P, waves are 6.9 £ 1.2, 1.1 £ 0.3, 21.8 + 8.2
and 44.1 + 5.7 respectively, to be compared with the data
of Table 3. The larger difference is observed in the 'P;
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Table 5. Enhancement factor ratios E;(LH2)/E;(gas) defined in (19) from fit D compared to
some recent analyses of pp branching ratios. The data from [2] are the minimum and maximum

values depending on different potential models

1S, 354 Ip 3P, 3P 3P, reference
1.00£+0.16 091+0.14 0.594+0.29 3.05+0.55 3.34+0.74 1.204+0.20 this work
1.024+0.09 1.00+£0.03 0.424+0.32 1.30£0.30 243+1.00 0.71+0.10 fitL of [4]
1.024+0.10 0.994+0.04 0.31+£0.31 2.61+£0.17 1.50+0.63 0.64+0.19 fit H of [4]
1.03+=1.05 0.98=0.99 0.82+097 1.60+-2.13 0.59-+0.77 0.94—+1.06 [2}

wave, which has a low total intensity and percentages with
large errors.

The total m; production rate remains stable with or
without the in flight data and is about (4.0 &+ 0.5)% both
in LH2 and in gas. A similar production rate was previously
observed in the m; — n7® decay mode by the Crystal Barrel
Collaboration [15] in the pp — 7%7%7 annihilation channel.
Taking into account that in LH2 at rest the annihilation
frequency (3) is an order of magnitude higher than that of
pp — 7070 ((6.741.2) - 1072 [33], (6.5 +0.7) - 1073 [45])
one can roughly estimate that I'(m; — pm) is an order of
magnitude greater than I'(m; — nm).

The annihilation fractions from the pp atomic sublevels
Py of (18), reported in Tables 2 and 3, depend on the target
density (liquid or gas). From (19) it results that the ratio

P;(LH2)Byr (LH2) f;(gas) _ E;(LH2)
Pj(gas)Bar(gas)f;(LH2)  E;(gas)

isindependent of the weights ¢ ; and of the hadronic branch-
ing ratios B and gives the enhancement factor ratios. For
the S and P-waves percentages f;(d) we use in liquid the
values fs(LH2) = (0.868 =0.010) when J = 1Sp, 3S; and
fp(LH2) = (0.132 £ 0.010) when J = 1Py, 3Py, 3Py, 3 Py;
for a 3 bar pressure gas we use the values fs(gas) =
(0.435 + 0.010) and fp(gas) = (0.565 + 0.015), obtained
interpolating between the NTP and 15 bar pressure val-
ues [2-4]. From the results of Tables 2 and 3, it is then
possible to obtain directly the ratio of the enhancement
factors and to compare them with some predictions. As
previously noted in Sect. 2, for the gas target data the
comparison is meaningful within 5%, in spite of the differ-
ent target pressures.

The results are shown in Table 5. The ratios of [4] re-
ported as fit L and fit H have been obtained with the use
of the low ((2.6140.24) 10~%) and high ((6.9340.43) 1074
) values measured for the p — 77" reaction branching
ratio in liquid. We refer to [3,4,25] for the references and a
detailed discussion on these two incompatible experimen-
tal values.

From the table we see, in full agreement with the previ-
ous analyses [2-4], that the 1Sy and S, protonium popula-
tions have enhancement factors equal to one, so that at any
density we have the statistical ratio 3:1 for triplet/singlet.
The situation for the P-levels is less clear: the 2P; state
appears enhanced in liquid in contrast with the predictions
of [2] and in closer agreement with the fit L of [4] and also

with our coupled channel analysis [46]; on the other hand,
the enhancement of the 3Py state in liquid seems closer to
the prediction of [2] and of the fit H of [4]. In the other
cases the large errors prevent more definitive conclusions.

Finally, we note that the total annihilation percentages
from P and S-waves in Tables 2 and 3 are more or less
the same for the different fits and that the global P-wave
annihilation percentages are higher than the P-wave atomic
population fractions, that are ~ 10-14% in LH2 and ~ 57—
59% in NTP gas. [2-4].

5 Conclusions

Atotal of 90000pp — 27+ 27~ annihilation events, equally
divided in annihilation at rest in liquid hydrogen, at rest
in gaseous hydrogen (3 bar pressure) and in flight at very
low p momentum (~ 50 MeV/c) have been analyzed.

Assuming that the annihilation fraction values vary
as a function of the target density, we obtain that the
annihilations from the 3P, and 3P; states are enhanced
in liquid with respect to the gaseous target, in qualitative
agreement with other analyses [2—4].

A good fit has been obtained introducing all the decay
channels listed in Table 1, where the masses, widths and
branching ratios of some resonances have been studied.

In particular for the 7(1300) mass and width we find
M = 1.20040.040 GeV/c? and I' = 0.470+£0.120 GeV /c?,
with a preferred decay mode into om (2.2 + 0.4 times the
pm one, see (21)), not in good agreement with the value
5.240.7 of our previous work [8]. The overall production of
this meson both in liquid and in gas amounts to about 2%.

The fit assigns to the a1(1260) the values M = 1.330 +
0.024 GeV/c? and I' = 0.58040.041 GeV /c?, with a dom-
inant decay mode into p7 (see (20)).

The fit improves with the inclusion of a p(1450) state
with a preferred mass around 1.36 4 0.01 GeV/c?, a low
value typical of all the analyses of the p(1450) — 77 de-
cay [11,46]. However, we note that our results on the other
resonances discussed in this paper hold even if we fix the
p’ mass at the standard value M = 1.452 GeV /c?.

The possible pm decay of the m(1400) meson, with
exotic quantum numbers JZ¢ = 1=F has been studied
for the first time. The introduction of this resonant P-
wave gives a not negligible improvement to the fit and its
contribution is independent of the adopted (7w) S-wave
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and of the p’, a1 and 7(1300) mass values. Within the limits
of the present data accuracy we can affirm that the decay
to pm is about one order of magnitude greater than the
previously studied decay mode to nm [12-15].

An isovector resonance with quantum numbers J¢ =
1~ is neither a gq state nor a glueball. Our observation of
this wave also in the pp — 47 channel, with mass and width
values (22), in agreement with those found in the pp — nrm
channel [14,15], seems to exclude the hypothesis of an arti-
fact of the spin-parity analyses and supports the existence
of a (qgg) hybrid or a (¢?¢*) four-quark state meson [47].

A ground state hybrid is expected to have an apprecia-
bly larger pr width than nm width [48] and, according to
some models, its existence could imply that the w(1300)
pion is predominantly a hybrid meson with a large om
branching fraction [49]. Both these predictions are in agree-
ment with the analysis presented here.

On the other hand, most of models predict the hybrid
lowest mass around 1.6 GeV/c? [48,50] and, in the con-
stituent quark-gluon model, the hybrid cannot decay in nw
and 7w [51]. However, the nm decay is allowed if one con-
sider the m1(1400) meson as a four-quark state belonging
to the 1010 representation with allowed coupling to two
octet states [52]; in this framework, the decay to pm can
be explained with s-channel loop diagrams containing the
intermediate states pr, nm and K*K + K*K [53].

To discriminate between these two hypotheses, new
data on 7 production with hadronic and electromagnetic
probes are probably necessary.

Appendix: Angular distributions
in the decay pp — 2727w~

The angular distributions of the final state in the decay
Pp — 27727~ are evaluated by means of covariant spin
tensor amplitudes as explained in [27] and the results ob-
tained are identical to those given by the covariant helicity
formalism of [28]. These amplitudes are evaluated in terms
of the elementary spin tensors which describe both the in-
trinsic spin j and the relative orbital angular momenta L
of the involved resonances for decays of the type J — j+ L.
This formalism has been extensively used in other anal-
yses of the Obelix Collaboration in the framework of the
isobar model.

For the specific case of this paper, the decay channel
pp — pp occurs from different initial states as reported in
Table 1 and for the Sy state the selection rules impose a
configuration of angular momenta and spins such as j; = 1,
j2 =1, L =1 and J = 0. Hence, it has been necessary to
extend the spin tensor formalism to describe the case of
two spin-1 resonances with an orbital angular momentum
different from zero to include the pp channel, which is a
decay of the type J — 1~ + 1~ + L. In this appendix we
outline the calculation of this amplitude in the framework
of the covariant spin tensor formalism [27].

We indicate the four-momenta of the 4 pions in the
center of mass reference system with the letters a, b, c and
d, the four-velocities of the two resonances with w} and

Fig. 8. Angles used in the description of the pp — pp —
27t 27~ reaction. The pion momenta are labeled with a, b, ¢, d

wh and the initial state four-velocity with u:
ut =(a+b+c+d)H/s
wi = (a+0)"/(a+1b)*
wh = (c+d)*/(c+d)* .

If S; and Ss are the two p spin tensors associated to the
two spins j; and js and L is their relative orbital angular
momentum, we can write:

St = (a—b)" — wi(mg — mp)
Sy = (c— d)* — wh(mg — m3)
L' = [(c+d) = (a+ b)) —u'(m), —m3,)

where m,, is the invariant mass of the i-th resonance.
By using one of the spin projectors © of [27], the decay
amplitude for the decay 0 — 1 + 1 + 1 is evaluated as:

— Qv g
A = €uupeST Sy LPu?

where €55 is the Levi-Civita tensor.

This formula corresponds to the LS scheme where the
spin amplitude is calculated in two steps: first S and S,
are summed to give the total spin S and then L is summed
to S to give the initial spin J; the calculation is performed
in the pp reference system in a totally covariant way.

The probability computed by squaring A gives the final
state angular distribution and the result is expressed as a
function of some selected kinematical variables.

By defining the @ angle in the center of mass as (see
also Fig. 8):

(axb)-(cxd)

@:
o8 la x bl[c x d|

and the angles 61 in the first resonance reference frame
(indicated by the primes) and 6s in the second resonance
reference frame (indicated with double primes) as:

a/'(C/+d/)

0= ———
O T Tl + @
"o(a + b
00592:C (a” + b")

|c”\|a” + b”‘ )

it is possible to show that the decay probability for the
channel (pp)r=1 is given by:

P = |A]? = sin#,” sin 0% sin $? .
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This result is in analytical and numerical agreement with
the one obtained by using the helicity-coupling formalism
of [28] applied to this decay channel.
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