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Proton-antiproion annihilation at rest in liquid hy-
drogen favour the production of low spin meson res-
onances; recent analyses of these annihilations have
provided new and important information in particu-
lar on scalar resonances [1-5]. It is well known that
annthilalion occurs primarily in S-states of protonium
('S, *S1), yet an admixture of initial P-states cannot
be excluded [6].

The first results obtained by the Crystal Barrel Col-
{aboration [7] with the analysis of 54 800 events of
the totally syimmetric annihilation channel

pp — 37° (D

revealed the presence of a large 7°#° D-wave com-
ponent associated mostly with initial pp P-states.
This 7®#° D-wave was found to not only include the
£2(1270) but also a 2t + resonance at m = 1515 MeV,
identified as the 2%+ AX resonance observed by the
ASTERIX Collaboration {8] in pg — #tw— o
from pure pp P-states. In [7], the 7%7® S-wave was
constrained to follow the Au-Morgan-Pennington
(AMP)} [9] mr#r S-wave scattering amplitude, ie.
a fixed coherent mixture of two resonances: the
Jfa(975), also strongly coupled to the KK channel,
and the broad fu(1300). The large amount of initial
P-states (== 60%) obtained with this analysis was un-
expected. In a second attempt (5] a good description
of the data was obtained using the ¥/D model [10]
and imposing pp S-states only. In this re-anatysis, the
77 S-wave AMP scattering amplitude constraint was
relaxed and additional information from pp S-state
annihilation in pp — nm7° data [1] was included.
The latter annihilation channel is dominated by the
presence of two scalar nn resonances in the 1400-
1600 MeV mass range. The N/D model used io
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parametrize the S-wave allows one to also take ing
account the effects due to the dynamics of the ann.
hilation process. The main differences in the Tesuli
with respect to [7] was that the contribution of the
AX was reduced, and in addition to the expected
Jo(975) and fp(1300) resonances, a third sz 5.
wave resonance was mecessary at m = 1520 Mey
I' = 148 MeV to fit the data. . )
In this letter we present new data on the 350
Daliiz plot containing a much larger statistical sample
(712 000 events) obtained with the Crystal Barre]
detector at LEAR (CERN) in eight consecutive runs,
The experimental set up is described in [11]; (he
main component used to acquire the present data was
the electromagnetic calorimeter consisting of 1389
CsI(TI) crystals. The data on reaction (1) were ex-
tracted from 16.8 million events taken with an “a]
neutral” trigger which selects events with no charged
tracks. Events with exactly six electromagnetic show-
ers were selected resulting in 3.2 million events. The
two-photon invariant mass spectrum shows clear peaks
due to the 7%, the %, and the %’ with mass resolutions
(before kinematic fitting) of 7.7 MeV, 16.7 MeV and
25.8 MeV, respectively. Out of these events, 1.4 mil-
lion satisfied a four-constraint fit (with a confidence
level exceeding 1%) imposing energy and momentum
conservation. These data were subjected to a series of
kinematic fits imposing the known masses of 79, % and
1’. We retained those events for which the x? prob-
ability for the 37° hypothesis was larger than that of
any other hypothesis and exceeded 10%. The fraction
of 37° events in which the six photons can be com-
bined to 32 in more than one way is less than 1%. Ali
reactions which could contribute significantly to the
6y final state were simulated using the Crystal Barrel
Monte Carlo program based on the program package
GEANT [ 12]. The Monte Carlo simulations show that
the 377 data are practically free of background. The
acceptance of the final state is nearly uniform over the
whole 37 Dalitz plot with deviations not exceeding
2%, and the data set is corrected for these variations.
The mean acceptance is (30.2 £ 0.1 £ 1.65y5) %-
In the six photon final state we also find 5859 1-92
ww events, The signal strength is determined as
described in {13], We use the ww branching ra-
tio of [13] to determine that BR(pp — 37") =
(6.2 & 1.0) x 1073,
Fig. 1 shows the 3#° Dalitz plot, First, we dis-
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Fig. 1. The # r"n® Dalitz plot.

cuss its qualitative features. Due (o the symmetry in
the final state there are six entries per event. The
highest intensities A reflect the interference of wo
of the three f»(1270) amplitudes for the reaction
Pp— (1270)a°. The f2(1270) decay angular dis-
tribution is peaked in the forward and backward di-
rections. This is characteristic of a spin-2 particle pro-
duced from the 'Sy state of the pp atom. In the three
corners a clear band B and an additional structure C
are observed. The band around 1500 MeV suggests
the existence of a meson decaying into two a’s . The
hemogeneous population along the band suggests the
quantum numbers 0+ . The structure C will be inter-
preted partly due to interferences of low-energy 7070
S-wave interactions and partly due to a tensor reso-
nance at 1540 MeV. The latter part of the interpreta-
tion is sensitive to the S/P ratio assumed for the initial
Slates, whereas the evidence for the Sfo(1500) is not.
Finally we notice a faint dip D approximately at the
KK threshold.

lh:ge Dalitz plot is divided into 120 x 120 cetls. For
i 13..0111)- one sextant of the Dalitz plot is used. This

esults in 1338 cells with nonzero entries. The reduced

cell sizes at the sextant boundaries are accounted for.
The total amplitude as defined below is calculated at
100 positions in each cell, averaged and compared to
the experimental number in the cell by means of a
x* test. The CERN program package MINUIT [14] is
used for the minimization.

The amplitudes for the partial-wave analysis are
constructed in terms of the isobar model

A (251-] L;) {p, Q')
= Zay,) P DBHP) F'(g). (2)
Li

The initial pp state is characterized by the quantum
numbers i A 1, and the final state is characterized by
the quantum numbers L, [. L is the angular momentum
between the isobar and the recoil meson of momenta
«p in the center-of-mass frame, and [ is the angular
momentum of the isobar decaying into two mesons
with momenta ¢ in the rest frame of the isobar. For
two 7%’s , { must be even; we further restrict ! =0 or
2 Hence the isobar can only have J7€ = 0%+ or J =
2++_ Note that selection rules allow pp annihilation




436 Crystal Barrel Collaboration / Physics Letters B 342 (1995) 433439

into w077 to proceed only from the 'Sy, 3P, and p,
states since D-state capture is negligible (see [ 15}).In
the following analysis, the three possible initial states
will be included unless otherwise specified.

The angular distributions are described by spin-
parity functions Zasny , ;; as given by Zemach [16].
The angular-momentum barrier factor BL can be found
in {3,17]. Different hypotheses are investigated for
the dynamical functions F(g).

In this analysis, two-body unitarity conservation is
guaranteed by a systematic use of the K-matrix for-
malism, and the possibility that the 77 scattering am-
plitude may be modified by the production process is
taken into account with the introduction of a P-vector
[18} as explained below.

We define the dynamical function F as

F=(I—iKp)~'P (3

namely the product of the propagator (J — iKp)~"
(1 is the identity matrix and p is the two-body phase
space} and the production vector P [17]. Note that fel
is imaginary below the associated threshold. The pro-
duction vector P is given by a sum over resonance
poles (with summation index @) produced with (com-
plex) strengths B,. The resonances couple 1o the dif-
ferent final states i with (real) couplings ga;:

p=Y Pe gl (4)

mé —m?’

The coupling of different channels is achieved by an
appropriate choice of the K-matrix

¥ U
8aiBajB;B
Kylm) =} =l gy, (5)
maf'm-
"~V pilma)’ ©

c;j being real constants. We recall here that K-matrix
poles are not Breit-Wigner poles. The T in our case
cannot be identified with partial widths of resonances,

since no data on the second channel (KK) were avail-
able.

We force the 7o S-wave scattering an - de 1o
approach zero near threshold by introducin;  “wtur
(m? — 2m2) /m? in front of (5). The K-m . . .. s

lated to the scattering amplitde T by

Table 1
K-matrix parameters for mar S-wave and 77 D-w

ave. ¢ contgj
the coefficients of the 2 % 2 S-wave K-mairix, teing

- LT
Mass (MeV} T o0 (MeV) Tyz (Mevy
____—-'—-‘-\—u..
5 855+ 7 774+ 38 0
52 1268+ 32 1311 4 168 2425
S5 1493413 144+ 3 11623 17
Dy 1246+ 8 188+ 23 :
Dy 1547+ 9 139+ 16
cin=ep=0 2 =078+ 0,05
___'__—\——.,
Table 2
Production parameters.
|84 arg (Ba) (radians)
S5 -0.14 £ 0.0 -
5, 0.15+0.02 kR E |
53 ~1.06 4 0.20 -594£02
Dy 0.20 4 0,03 38402
Dy —036£0.05 23102
S ST 0.04 1 0.01 -
5 —0.07 + 0.03 106+08
5 0.66 £ 0.20 53407
Dy ~(.35+0.09 2.0+ 0.4
Dy 0.35 +0.09 130+ 1.0
*py D) —0.33+0.08 -
Dy -029+010 —106+1.0
T=(~-iKp)" 'K (N

The T-matrix (7) and the dynamical amplitude F
(3) are connected via the K-matrix (5). This allows
us to fit the Crystal Barrel data simultaneousty with
7T scattering data [ 19,20]. Since we find new reso-
nances in the mass range above 1.2 GeV, we use the
scattering data only for 77 masses below this value.
In this mass range the 77 scattering data are compat-
ible with the results of our fits. Above 1.2 GeV we
allow for additional poles in the K-matrix. Thus we
ensure that the amplitudes preserve unitarity and ana-
Iyticity. Since we observe a strong effect of the KK
threshold in the data we use a 2 X 2 X-matrix with mr
as the first channel and *'% as the second. For higher
masses, KK is used to 1 eterize any inelasticity.
SFogether, 34 free patameters are used in the fit de-
> eved below e Tables 1 and 2).

A suintmwi of three poles in the 77n S-wave and
of two poles in the 77 D-wave is required to obtain

130
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Fig, 2. The 707" invariant mass distribution. The solid line rep-
resents the fit.
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Fig. 3. Angular distibutions around the KX threshold (a) and
argund 1500 MeV (b). The solid line represents the fit.

a good fit with ¥2/Nr = 2028/(1338 - 34) = 1.6.
The x2/Nr is larger than unity; however no system-
atic deviations between data and fit can be found in
the Dalitz plot or in the invariant mass spectrum and
angular distributions (Figs. 2, 3). The results of the
fit are given in Tables 1 and 2. Quoted errors are pure
MINUIT errors and do not reflect the results of sys-
tematic variations of the fit parameters.

Mass. and width of the first 7o S-wave K-matrix

pole were determined from the speed plot d|T|/dm.
One finds m=994 £ S5MeVand I = 26 + 10 MeV.
Therefore it can be identified as the fo(975) [21].

The second 77 S-wave K-matrix pole corresponds
to T-matrix poles which are very close on both Rie-
mann sheets and which yield resonance parameters
m = 1330MeV, T = 760MeV, which aliow to iden-
tify it as the fo(1300) [21]. A reliable determination
of the inelasticity is not possible when using the 3n°
data only.

The third 77 S-wave K-matrix pole corresponds
again to T-matrix poles very close to each other on
the second and third Riemann sheets, providing evi-
dence for the new responance, which we call fo(1500)
(although, strictly speaking, its isospin may be I =0
or I = 2 as long as we limit our observation to the
O Ochannel). The values of the mass, width and pro-
duction rate of this resonance in the 37? final state are

m = (1490 + 13) MeV
[ = (120 + 15) MeV
BF = (12+2)%.

The inelasticity of the fo(1500) like that of the
fo(1300) cannot be reliably determined from the ob-
servation of the 32 data alone. If the third o S-wave
K-matrix pole is not introduced, the fit deteriorates
by Ax? = 600.

The two 7o D-wave K-matrix poles (in this case
the K-matrix is reduced to a singlechannel K-number)
correspond to T-matrix poles which can be identi-
fied as the f2(1270) withm = 1285MeV and T
195 MeV, and as the F2(1520) /AX [21,8) withm
1530 MeV, ' = 135 MeV.

By integrating the production strengths of the 7 5-
wave [excluding fo(1500) ], the fo(1500) itself and
the 7rar D-waves [ f2(1275) and f2(1520)] over the
Dalitz plot, and appropriately renormalizing, the frac-
tional contributions to the 14° annihilation channel
are

il

fo(975) + fo(1300) : 42%
fo(1500) : 12%
f2(1275) : 29%
£2(1520) : 17%.
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All these results are in good agreement with [5]. In
particular, three scalar and two tensors resonances are
needed in both analyses, although the two approaches
use quite different methods and assumptions. Most
notably, the present fit is obtained using a substantial
pp P-state contribution. Integrating the various con-
tributions to this fit over the Dalitz plot, we find that
180, ?P and 3P, initial states contribute 54%, 29%
and 17%, respectively, whereas [5] assumes 100%
fSe. As expected in the present fit, most of the P-
state contribution is related to the production of 7
D-wave, but we also find that 3P, contributes about
20% of the fo(1500) production. To clarify the influ-
ence of the P-state contribution, we have repeated the
analysis, imposing a pure 'Sy initial state, as in [5].
The quality of the fit deteriorates drastically, y2/Np =
2604/(1338 — 25) = 2, even with the introduction of
four poles in the K-matrix for the ## S-wave. Nev-
ertheless, this fit still requires a pole in the vicinity of
1500 MeV,

Following the N/D method [10], it is also possi-
ble to obtain another equally good interpretation of
the high-statistics data of reaction (1). Imposing a
pure 'Sy initial state and using now the full sample
of 370 data, but not combining it with pf — nya®
data [1] as was done in [5], we obtain a y? of
2104/(1338 -30) = 1.6. Again, we need o introduce
a scalar resonance in the 1500 MeV region into the fit,
with m = (1505 8YMeV, T = (132 14) MeV and
BF(pp — fo(1500)7°/pF — 32%) = (12 + 2)%.

Thus, regardless of the various fractions of pj P-
stales assumed in the different analyses, one can con-
clude that the fp(1500) is present in reaction (1). A
more accurate partial-wave analysis will be possible
once we are able to experimentally modify the pp S/ P
ratio, e.g. by accumulating data on reaction 1 with a
gaseous hydrogen target,

For the sake of completeness, we also repeated the
analysis, using the formalism applied in [7], i.e. im-
posing that the 7r7 S-wave follows the AMP [9] pa-
rameterization below 1300 MeV. The fit is not nearly
as good as the previous ones (using the P-vector or
the N/D method), x?/Nr = 2658/(1338 ~ 23) = 2.
The main discrepancy between this fit and data can be
traced back lo the 7# mass spectrum around the KX
threshold region, and not around 1500 MeV, where
a scalar resonance has to been introduced with m =
(1498 = 11} MeV, T" = (98 £ 19) MeV. In this fit the

Table 3
Results from this analysis and from other analyses. Oyp pgyi
also includes systematic varjations in the fit Procedures. "t

Analysis mass (MeV) ' (Mev) gp (%)
3 pole P-vector 1490 £ 13 120+ 15 1243
NID 1505+ 8 132414 1243
AMP 1498 £ 1t 98+ 19 1247
4 pole P-vector 1490 £ 10 5415 1749
our estimate 1500+ 15 1204 25 1344
Crystal Barrel [5] 15204 25 148 + 2 -
E760 {23] 1488 & 10 148 4 17 -
____—'_———-

initial P-state fraction is found to be 42%. Without this
scalar resonance, the fit vastly deteriorates ( Xi/Np =
3905/(1338 — 17) = 3).

Finally, we also note that another equally good £y
can be obtained using the P-vector approach describegd
above, with the introduction of an additional ¥ -Matrix
pole. The main consequence is the replacement of the
fo(1300) by both a narrower resonance with m =
(13304:50) MeV, T = (300+:80) MeV and also a wr
S-wave background centered around 1100MeV and
ranging over 500 to 700 MeV. This 4-pole interpreta-
tion of the 77 S-wave is in closer agreement with our
own findings [2,5} and also with a recent re-analysis
of the 7o S-wave [22]. However, this does not af-
fect our conclusions on the f,(1500), which remains
present within the etrors given below.

In conclusion, all approaches made to analyze the
high statistics data obtained with the Crystal Barrel
detector on pp — 37" require the presence of a scalar
resonance in the 1500 MeV mass region. Taking into
account the spread of the masses, widths and produc-
tion rates obtained with various acceptable fits, we
eslimate that the characteristics of this Jo(1500) as
observed in pp — 379 are the following:

m= (1500 + 15) MeV
= (1204 25y MeV
BF=(134+4)%.

For the branching fraction (BF) in liquid hydrogen,
we use the rate BF(pp — 37%) = (6.2 1.0) ¥
1072, given above. Table 3 gives a summary of the
fits discussed in this letter.

The masses and widths of a resonance near 1500
MeV found in both nn decay [1,5) and in nn’ decay
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[26] agree with the values for the fo(1500) presented
herein. Assuming that we are observing three decay
modes (7, 71, n7’) of the same object, a measure-
ment of the relative branching ratios can be evalu-
ated, using the full samples of data accumulated by the
Crystal Barrel Collaboration on pp — w7070, nya®
and m'7". Results of this analysis will be presented
in a forthcoming publication. The mass and width of
the fo(1500) agree very well with the values found
in the experiment E760 at Fermilab in pp annihilation
in flight with 7 momenta of 3-4 GeV/e (23], yet no
partial wave analysis has been carried out on that data.
The f(1500) cannot be identified with the s3 meson
observed by the LASS Collaboration [24]; otherwise
it should have been observed in pj annihilation in the
KT final state, but such has not been the case [25].
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