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Abstract. The annihilation channels pp—wn®, wn, wn'
were studied with the CRYSTAL BARREL detector at
LEAR at p-momenta of 600, 1200, and 1940 MeVje. In
most cases angular distributions were measured which
allowed a complete J-analysis using the helicity formal-
ism. The contribution of all relevant initial states could
be determined. The maximal contributing angular mo-
menta are dependent on the p-momentum and range up
to J = 5.

1 Introduction

This paper reports on the measurement of selected two-
body pp-annihilation channels performed with the Crys-
TAL BARREL (CB) detector at LEAR at p-momenta of
600, 1200 and 1940 MeVje. The aims of the measure-
ments were 2-fold: (1) Determine the angular momenta
in the pp-system, which contribute to the annihilation
process with increasing p-momenta. This information is
vital for the analysis of 3-or more body annihilation pro-
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cesses in flight, which contain mesonic or exotic reso-
nances with masses up to 2.3 GeVjc®. (2) Assess whether
such data from CB are analyzeable at all. This is not
straightforward because the angular distributions are
forward peaked in the Lab-system, where the detector,
optimized for at rest annihilations, becomes inefficient
for y-detection. The channels wX(X= 7", 71, ') (X —77;
w—m°7) have been chosen, because they provide three
independent observables, the production angle @ of the
w, the decay angle ¥ of the w and the angle ¢ between
the w-direction and the w-decay plane (Treiman-Yang-
angle). This information allows a complete partial wave
analysis using the helicity formalism and thus provides
direct information on the contributing initial pp-states.

2 Experimental set-up

The experimental set-up for pp-experiments at rest with
the CB-detector is described in [1]. The set-up used in
flight is very similar, but behind the liquid hydrogen tar-
get an additional scintillation counter was installed. It
consisted of a 3 mm thick disk of 4 cm diameter, mounted
at the end of a cylindrical tube of 15 cm diameter and
2 m length, both of which vetoed antiprotons which did
not react in the target or were scattered at small angles.
According to calculations about 1% of all antiprotons



entering the target were not vetoed and thus were can-
didates for annihilation events inside the target.

The detector is optimized for pp-annihilations at
rest, for which the two 12 degree holes along the beam
line direction have only a small effect. The situation is
different at higher antiproton beam momenta due to the
Lorentz-boost along the p-axis, so that the fraction of
undetected particles increases. However, as we will show,
this was not a severe limitation in the p-momentum
range up to 1.94 GeVec (maximum LEAR momentum)
and allowed the measurement of angular distributions
over a sufficiently large range.

3 Data sample

Table 1 shows the data samples taken during the vari-
ous beam periods. In most cases a “O-prong”-trigger was
used, rejecting all events with charged particle hits in the
cylindrical proportional chambers. In one case (August
1994) a mixed trigger was used, allowing 0- and 2-prong
events. The last column refers to the number of truly
0-prong events in the offline analysis.

4 Event reconstruction

The event reconstruction was done in a similar way to
that for annihilations at rest, and is described in [2].
The ~+’s originating from 7°, 1, ' and w-decays hit one
of the Csl-crystals of the electromagnetic spectrometer
and give rise to electromagnetic showers extending over
about 10 crystals in average. A PED (Particle Energy
Deposit) is defined as an area consisting of adjacent crys-
tals with energy deposits higher than a minimum value
and containing only one maximum. It is normally at-
tributed to the hit of a single 7, but can also be due
to a statistical fluctuation (split off) of the shower. A
CLUSTER can contain several PEDS.

In contrast to annihilations at rest, the energy of
neutral pions can be so high that both decay v’s merge
into one PED, because their opening angle in the lab
system can be as small as a few degrees. In order to rec-
ognize such events, the invariant shower-mass of a PED
was determined. It is defined as

[Shower = (Z Ez> - (Z 17;)2

where 7 denotes the crystal number, F; is the y—energy
deposit in crystal i and p; is the y-momentum, mea-
sured from the annihilation vertex to the crystal . It has
been successfully used in annihilations at rest to distin-
guish between a shower originating from a single v and a
shower produced by two overlapping +’s [3]. Monte Carlo
studies show that the shower masses of single (unmerged)
~’s are zero at low momentum rising slowly with energy.
The shower masses of merging +’s originating from high
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energy neutral pions have generally higher values, start-
ing from 140 MeV/¢* for low energy pions. Both distri-
butions are rather distinct allowing a good separation of
events (Fig. 1).
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Fig. 1. Monte Carlo-study of the invariant shower mass of two
merged v’s from a ©° as function of 70 kinetic energy. The inner
line corresponds to the center of gravity of the distribution, the
outer lines indicate the cut against single v’s.

Monte Carlo (MC)-studies showed, that in the re-
actions discussed here, n and ' cannot produce 1-PED-
events, since their decay 7’s can always be spatially re-
solved.

In some cases, 7°’s and 7’s heading towards the
forward opening of the detector will escape entirely un-
detected. In principle, such events could be identified by
their missing total energy and momentum, and the re-
mainder of the event could be used to reconstruct the
complete event, e.g. by kinematic fitting. As will be ap-
parent from the following and as was confirmed by MC-
simulations, these events play only a minor role in the
data discussed here. Therefore only complete events ful-
filling energy and momentum conservation were used in
this analysis.

Table 2 shows the steps in the data reconstruc-
tion and the applied cuts to reduce the instrumental
background (e.g. electronic noise) and the physical back-
ground (e.g. shower fluctuations or punchthroughs of
high multiplicity channels). The first line gives the num-
ber of neutral events at the three p-momenta investi-
gated. “Neutral” means, that there was no hit in either
of the two cylindrical proportional wire chambers nor in
the inner three layers of the jet-drift-chamber . Step 1
lists the number of events after a cut on the number of
PEDS. The minimum value (4) corresponds to one 1-
PED 7° +3 v as it never occurs that both 7°’s of an
event form a single PED, the maximum value (10) cor-
responds to 5y PEDS + 5 split-offs. The next cut (step
2) tries to separate single v PEDS from split offs. This
is done using the neural network “Brain” [4], which was
extensively checked with MC-data. In the next cut (step



pp-annihilation into wm®, wn and wn' at 600, 1200 and 1940 MeVjc

beam momentum beam period trigger | total number number of
[MeV/c] of events neutral events
600 April/May 1993 | 0 prong 2 801 862 2 266 054
1200 December 1991 | 0 prong 1574 307 1 502 350
July 1992 | 0 prong 1 409 025 1 321 896
April/May 1993 | 0 prong 8 690 455 7 315 274
August 1994 | 0 prong 1 414 995 1 081 728
X 13 088 782 11 221 048
1940 July 1992 | 0 prong 6 945 965 5 590 895
August 1994 | 0 prong 3 263 167 2 527 387
August 1994 | mixed 440 695
X 8 558 977

Table 1. Data sample..

3), events are restricted to those with maximally two 7°’s
or one 7° and one 7.

The events with one 1 PED #°+ three «’s and
those with five 4’s were kinematically fitted to the hy-
pothesis 5 v or 7°yyy (step 4), and then to the hy-
pothesis 7 Xv(X=n", n, ') (step 5) and w~yvy (step 6).
Figs. 2a/c show the n°y-and #°#n°-invariant masses for
the 7 w-channel after step 5. It is obvious, that back-
ground, e.g. from 7° f, (f, —»#°7°, one vy missing), 3 7°
(one v missing) and 27° (+ one splitoff) is still present.
In order to reduce this background a cut on the vertex
distribution was applied. In the absence of charged anni-
hilation products, the vertex could be determined only
crudely by a kinematic fit to the events. This cut re-
moved events originating from the veto counter behind
the target (step 7).

Further cuts were channel specific. As an example,
the 7° w-channel is discussed in more details. As no di-
rect fit to the channel 7°w was done due to the width
of the w and in order to keep control on background
a consistency check between the hypotheses of step 5
and 6 was made. Only those events were kept for which
either of the two ~’s of the wyy-hypothesis did not coin-
cide with the v of the n° 7° y-hypothesis (step 8a). This
gave a huge reduction of the background in the 7° - and
7° 7° - invariant mass spectra (Figs. 2b/d). Furthermore
the assignment of 7°, n and 1’ particles to two v’s was
checked by comparing the identification methods used
in step 3 (invariant yy-masses) and step 5, which are
independent. Consistency between the two methods was
required (step 8b).

Comparing the backgrounds in the data with MC-
predictions we found it to be too large for some subsam-
ples of the data. This was particularly true for events
where split-offs had been recognized by “Brain”, so that
these events were finally removed (step 8c).

A similar procedure was applied for the selection
of the nw-channel(see steps 9a-e). Here two further cuts
were applied. A comparison between data (after step 9c)
and MC-predictions showed too large a background for
the 1-PED-7°-events. Consequently these events were
skipped (step 9d). Furthermore, the inspection of the
w-decay angular distribution showed an accumulation
of events near cosf = 1. According to MC-calculations
it originated from falsely identified 7°w-events and so

events with cosf > 0.84(600MeV/c),0.86(1200MeV/c)
and 0.90(1940MeV/c) were cut off (step 9e).

The n'w-channel was treated similarly, but no cut
on cos f was necessary. The data were reconstructed only
for 600 MeV/e p-momentum as the background at higher
p-momenta was too big. This is due to the fact that n’
was analysed in its 2 decay mode only, which has a low
branching ratio (2.1 %).

The resulting angular distributions for the three
two body channels and the three momenta under inves-
tigation are shown in Fig. 3 and Fig. 4.

5 Background Estimate

MC-data for the channels 7w, nw, n'w, ©°7°, ™°n, 7°n’,
nm, 3n°, 2n°n and 3 n were produced at the p-momenta
under investigation. For the 2-body channels the angu-
lar distributions found here and from [5] were used and
corrected for acceptance. For the simulation of 3-body
channels at 600 and 1940 MeV/c no intermediate reso-
nances were taken into account. However, it was found
in MC-studies that the inclusion of intermediate states
as found in [6] even reduces the feed through into the
wX-channels. The background contributions could be de-
termined by processing these data through the analysis
chain discussed above. For the n° w-channel they varied
between 5% (600 MeVic) and 13 % (1940 MeVic) (main
contribution from 3 7°), for the nw-channel between 4%
and 14% (main contribution from 7°w, 37° and 27°n),
while for the n’w-channel (600 MeVjc) the background is
as high as 21 %, mainly from 7°w, nw, 37° and 27° 7.

6 Partial wave analysis

For the partial wave analysis it is assumed that the initial
states are well defined pp—states with quantum numbers
JFPC . The direction of the incoming p is chosen as the
quantization axis, so that the third component of .J is re-
stricted to M = 0,+£1. The 0~ w-system is characterized
by the quantum numbers L (angular momentum), total
spin S (=1), total helicity A (= w-helicity) and the decay
angles © and & of the w-direction. The w—n® y-system
is characterized by the angular momentum ¢ (=1), total
spin s (=1), the total helicity A (= 7-helicity) and the
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[ beam momentum [MeV/c]

| 600 [ 1200 [ 1940 |

[ # of neutral events | 2266054 [ 10923847 | 8 558 977 |
cuts on multiplicities
'S 1. PED-multiplicity (4 < #prps < 10) 1 608 966 8 431 557 6 044 919
S 2 Removal of split offs 1 603 230 8 315 659 5916 326
g | 3. Max. # of 7% and n 250 224 1222 317 839 153
= kinematic fit
g | 4. final state (5y or 70yvy7) 75 121 381 910 181 858
§o 5. Xy (X = 7% nor ') 59 146 327 784 160 049
6. wyy 33 515 170 466 73 710
7. vertex 31 920 163 245 63 790
o 8. pp — mw
-2 [ a. consistency of 70777 and wyy 12 486 64 716 28 485
§ b. consistency with meson recognition 12 462 64 340 27 989
& | c. no shower fluctuation (5 PEDs at most) 8 183 41 663 17 320
& [ 9 pp— nw
2 | a. consistency of 71y and wyy 5 421 20 029 7 051
&' | b. consistency of meson recognition 4 875 17 667 6 102
'g | ¢ no shower fluctuation (5 PEDs at most) 3 269 11 283 3 660
g | d. no merged ° (*1-PED-7%) 3 269 11 222 3434
S | e. cut on w decay angle 2 880 9 732 3 032
10. pp — n'w
a. consistency of 797’y and wyy 1 964 too low statistics
b. consistency with meson recognition 670 with too large
c. no shower fluctuation (5 PEDs at most) 393 background
d. no merged 7% (”1-PED-70”) 393
survey of selected statistics
pp — 70w (4 & 5 PEDs) 8 183 41 663 17 320
5 PEDs 8 181 40 898 14 263
4 PEDs 2 765 3057
pp — nw (5 PEDs) 2 880 9 732 3032
pp — n'w (5 PEDs) 393 too low statistics

Table 2. Steps of data selection for the 0"w channels. Detailed explanations are given in the text.

decay angles § and ¢. s,, A, and s,, A, are the spins
and helicities of the w and +, respectively.

The quantities which the analysis aims to deter-
mine are the frequencies with which the initial states of
different J and M -values contribute to the measured an-
gular distributions. Taking into account the conservation
of parity (P), charge conjugation (C), total angular mo-
mentum (J) and of its z—component (1), it turns out,
that only specific J¥%and M-values are allowed for the
process pp—0~w. J = 0 states are excluded. For J =
even-states only J~~ with M = =+1 is allowed, for J
= odd-states only J~~ with M = 0,%+1 and J*~ with
M = 0 contribute.

The amplitudes are derived from the formulae
given in [7]. Quantities needing coherent summation are
written as subscripts and quantities needing incoherent
summation are written as superscripts on the ampli-
tudes. Then the amplitude reads:

AP (Pp = 07w — 070 y) = (1)
AN (pp—»O w)xA

Za

DMA (45)9;0) X

Lw—my) =

Y(LOSA|JA) (50 00]8 A) x

)(LO0sA|SwA)(Sy A, 00]0AN) %

Za

Dl)\w)\ (()07 0a 0)

The ars denote the complex spin orbit coupling
amplitudes which are free parameters of the fit. With S
=8, =1,8s =8, =1and £ = 1 (follows from parity
conservation) and setting

V3aiM
one obtains
AP (Bp— 07w — 071" y) = (2)
—V/T Ay e2¢¢ dd (cosO) dj, », (cos) x
ST adMI(LO1 A, | JA)eE .
L

: JM
M (pp)al (@) = af = oM el

The observed intensity is given as the modulus of (2)
with coherent summation over J and A, and incoherent
summation over M and \,. This theoretical ansatz was
used to describe the data. The magnitudes and phases
of af™ were the free parameters to be fitted to the
data. With afM being equal for M = +1 and M = —1,
three arbitrary phases remained, which were set to zero.
The minimization was done using a maximum likelihood
method. For every iteration the fit results were treated
as the weights to a MC-simulation, assuming an isotropic
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Fig. 2. Control spectra for the m™w selection at 1940 MeV/c. Figs. 2a,b show the invariant mass spectra of w0y (2 entries per event),
Figs. 2c,d show the invariant mass spectra of 7970 (1 entry per event). Figs. 2a,c give the spectra after the n°n%v fit (step 5). Figs. 2b,d

refer to the spectra after step 8a.

distribution of the events in the CM-system, thus allow-
ing a detailed fit-data comparison for every step. Figs. 3
and 4 show the results for the best final fits compared
to the data. The agreement between fits and data is
very good within errors. Tables 3,4,5 give the magni-
tudes and phases of af™ as obtained from the fit with
Jmaz = JE2MT (see next section). The errors are purely
statistical.

7 Discussion of results and conclusions

In order to obtain the maximal contributing angular mo-
menta J"" several fits with successively increasing
maximal angular momentum J,,, were performed for
each beam momentum. For each of these fits every al-
lowed transition with an angular momentum J < J.,
was taken into account. Partial intensities were defined
in order to visualize the result of every step. These
are intensities calculated for a given angular momentum
J < Jiax and one value of M. Figs. 5 and 6 show the de-
velopment of these partial intensities for the three chan-
nels and the three p-momenta under study. For even J
values two M values (+1) are possible, for odd J values
a singlet (M = 0) and a triplet state (M = 0, £1) oc-
cur. The partial intensities are displayed as boxes whose
size is proportional to their magnitudes. Also shown is

the variation of the log likelihood AL with J,,..(black
squares). The behaviour of AL is taken as the criterion
for the determination of the maximal contributing angu-
lar momentum J¢°™" Tt is observed that after reaching
a certain value of J,,,, the change in the likelihood lev-
els off and comes close to the values displayed by open
diamonds in Figs. 5 and 6. They correspond to changes
in £ expected for the case that a maximum is found
and additional degrees of freedom do not give a refined
description of the data. £ is then only diminished due
to the higher number of degrees of freedom. A dimini-
nation in AL of 0.5 was assumed per degree of freedom.
Jeomtr i then defined as the value of J,,,,, for which both
curves begin to have the same shape. It is emphasized in
the figures by vertical lines. According to this definition
the maximum contributing angular momenta are:

— Jeontr — 5 for pp — 7w w at 1940 MeV/c

max

— Jeontr — 5 for pp — nw at 1940 MeV/c

max

— Jeontr — 4 for pp — 7w w at 1200 MeV/c
— Jeontr = 3 for pp — nw at 1200 MeV/c

max

_ Jeontr — 3 for pp — 7w at 600 MeV/C

max

— Jeontr — 3 for pp — nw at 600 MeV/c

max

— JEomMT compatible with 3 for pp — n'w at 600 MeV /¢

max

These values are in agreement with estimates of
JEOMT as obtained by model calculations (see e.g. [8]).
Some characteristics of the results are:
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i | channel | JPC M | L | |aiM\ | LpiM

channel [ JPC [ M [L[ Jog™ [ 7" 0 T=— [ 0 [1]014=008] 0. (fixed)
™ 1—— | 0 [ 1] 04L+0.19 | 0. (fixed) 1940 MeV/c +1 | 10274004 | 0. (fixed)
600 MeV/c +1 | 1| 0404017 | 0. (fixed) TF= | 0 | 0 | 026E£0.02 | 0. (fixed)

IF= | 0 |0 | 017007 | 0. (fixed) 2 | 0.09+0.04 | -1.17 + 0.29

2 | 0.26+0.13 | 0.70 + 0.27 2=— | £1 | L | 0.0 £0.02 | 5.60 £ 3.00

2=~ | £1| 1 |025£012 | 249+0.23 3 | 0.05=+0.04 | -0.06 =+ 0.62

3| 0314011 | 5.66+025 3= | 0 | 3 | 0.03E£0.06 | 0.00F6.28

3= | 0 | 3 |053£021 | -1.05£0.18 +1 | 3| 0424007 | 2.38+0.08

+1 | 3| 036+£016 | 2.06+0.26 37— | 0 | 2 [059+£004 | LI9E0.08

3¥= | 0 | 2 |0.77£027 | -1.32£0.15 4| 04740.06 | -4.35 & 0.09

4| 0574022 | -0.20 +0.17 == [ £1 |3 | 0.04E£0.06 | 0.88E1.36

600 MeV/c +£1 | 1] 0454031 | 0. (fixed) 5771 0 | 5]0.76+£0.07 | -3.14 + 4.58

2=— | £1 | 1 | 011£0.13 | -0.73 £0.66 6 | 0.89£0.05 | 3.89+0.07
30244019 | -4.17 £ 0.59 w == ] 0 [ 10742003 0. (fixed)
3= | 0 | 3 | 045E024 | 3.14 247 1940 MeV/c +1 | 10184002 | 0. (fixed)
+1 | 3| 0524028 | -4.81+0.38 TF= | 0 | 0 |0.18E£0.01 | 0. (fixed)

3¥= | 0 | 2 | 032£027 | -4.70 £0.49 2 | 0.08+0.04 | -3.96 = 0.39

40234021 | -5.75 + 0.79 2== [ £1 | 1 | 0.04£0.01 | 0.25=E0.68

600 MeV/c +1]1]036+035 | 0. (fixed) 877 | 0 |3 |054£003 ) 543+0.08

17— 0 0 1 0.23 £0.21 0. (fixed) +1 | 3 | 048 £0.04 5.18 4+ 0.07

o | 0372033 | 049 + 0.66 3¥= | 0 | 2 | 0.60£0.02 | 0.84=£0.04

2~ | £1 |1 |0.17%£020 | -0.99 £ 0.99 4 ] 0.0340.02 | -0.0441.10

3| 019+095 | -078 + 1.08 == [ £1 |3 | 0.04£003 | -052£0.74

37 | 0 |3 | 022041 | -3.14 £2.77 5 10.32+004 | -1.12 %+ 0.08

+1 ] 3]0424041 | 2.27+0.67 577 | 0 15| 0.00£0.26 1 3.05%0.00

37~ | 0 | 2| 0.65£050 | 1.33%0.46 £1 1510454002 | 1.88+0.09

4| 040+035 | 055% 071 5= | 0 | 4 | 031 £0.02 | 3.16 £0.09

6 | 0.58+0.04 | -4.11 + 0.04

Table 3. Magnitudes and phases of aiM, describing the best fit

to the angular distributions for the case Jmaz = JEORLT. The beam

momentum is 600 MeV/c.

channel [ JPC ] M [L [ J|aofM] ] oM

mOw 1=~ 0 1] 0.52£0.04 0. (fixed)
1200 MeV/c +1|1|0.02+£0.06 | 0. (fixed)
1+ 0 | 0] 022£0.04 | 0. (fixed)

2 | 032£009 | 0.12£0.12

2=— [ £1 [ 1 | 011 £0.03 | 1.24 £0.33

3| 0.17+£005 | 0.81£0.29

37~ 0 | 3 [053£0.10 | -3.15 £6.28

+1 |3 |059+0.10 | -1.82+£0.21

3= 0 | 2 [0.78£0.15 | -4.24 £0.10

4 ] 0.06+£0.05 | 1.72+£1.25

4=— [ £1 | 3 [ 051 £0.10 | -1.90 £ 0.21

5| 058 +£0.11 | 4.57 £0.21
nw 1 0 [1]046+0.09 0. (fixed)
1200 MeV/c +1 | 1]02740.08 | 0. (fixed)
1= 0 | 0] 039+0.08 | 0. (fixed)

2 | 0.33+0.08 | 5.62+0.31

2=~ | £1 | 1 | 0.10+0.18 | 0.45+0.29

3] 0.19+0.10 | 3.4240.34

37— 0 | 3 [ 032X£0.08 | 0.00=E1.57

+1 |3 |077+£0.15 | 0.69+0.37

3F= 0 | 2 [022£023 | 493054

4 ] 0.26+0.22 | 4.44£0.18

Table 4. Magnitudes and phases of aiM, describing the best fit
Jeontr  The beam

to the angular distributions for the case Jmaz =
momentum is 1200 MeV /c.

max

Table 5. Magnitudes and phases of aiM, describing the best fit
to the angular distributions for the case Jmaz = Jf,f;ﬁ. The beam
momentum is 1940 MeV/c.

— even angular momenta are suppressed for all channels
at all momenta

— for pp — 7° w (all momenta): The dominant contri-
butions originate from J = Jeontr

for pp — nw (all momenta): The dominant contri-
butions originate from J < Jeontr

— M = 0 singlet states are preferred for pp — 7°w

— M = 0 triplet states are preferred for pp — nw

(exception: 1200 MeV/c).

It is interesting to consider the dependence of the maxi-
mal contributing angular momenta on the produced
mass. Table 6 shows the values of J¢"*" for the reactions
discussed here. In addition values for two 0~0~ reactions
[5] and for ww—annihilation [9] are given. The columns
are arranged from left to right according to the masses
of the particles produced. There is a slight tendency for
Jeomr_values to decrease with increasing masses (e.g.
mw/nw at 1200 MeV/c). The value Jm" = 2 for
pp— w7 at 600 MeV/c does not contradict this ten-
dency, because J=3 is not allowed for 00~ —final states.

The data and analyses presented here form the ba-
sis for future work on pp-annihilations in flight measured
with the CB-detector. They demonstrate that the CB-
detector in spite of its geometry is able to reasonably

measure forward peaked angular distributions. In the



pp-annihilation into wm®, wn and wn' at 600, 1200 and 1940 MeVjc

decay channel m0n0 w0 mow nn nw ww 7w
mass [MeV/CZ‘] 269.95 | 682.43 | 916.92 | 1094.90 | 1329.39 | 1563.88 | 1739.71
g 600 MeV/c 2 3 3 3

};; 1200 MeV /c 4 4 4 4 3

2| 1940 MeV/c 6 6 5 4 5 4

Table 6. Contributing mazimal angular momenta for 0w, 070" [5] and ww [9]

meantime, similar data have been taken at further p-
momenta and are presently being evaluated. Together
with the data presented here, they will form a set of

data allowing a mass scan of specific partial waves up to
2.4 GeVie.

Acknowledgement. We would like to thank the technical staff of
the LEAR machine group and of all the participating institutions
for their invaluable contributions to the success of the experiment.
We acknowledge financial support from the German Bundesmin-
isterium fiir Bildung, Wissenschaft, Forschung und Technologie,
the Schweizerischer Nationalfonds, the British Particle Physics and
Astronomy Research Council, the U.S. Department of Energy and
the National Science Research Fund Committee of Hungary (con-
tract No. DE-FG03-87ER40323, DE-AC03-76SF00098, DE-FG02-
87ER40315 and OTKA F014357). N. Djaoshvili, F.-H. Heinsius
and K.M. Crowe acknowledge support from the A. von Humboldt
Foundation.

References

1. E. Aker et al., Nucl. Inst. and Meth. A321 (1992) 69

. C. Amsler et al., Z. Phys. C58 (1993) 175

S. Kelzenberg: Diploma thesis, University of Karlsruhe,

1990, unpublished

4. T. Degener: Diploma thesis, University of Bochum, 1993,
unpublished

5. K. Beuchert: PhD thesis, University of Bochum, 1996, Pub-
lisher: Verlag Biilbiil, Bochum

6. A. Abele et al., Observation of resonances in the reaction
pp — 7wonn at 1.94 GeV/c, accepted for publication by Euro
Phys. Journal C

7. S. U. Chung: Spin formalisms, CERN 71-8, 1971

W. Weise: Nucl. Phys. A558 (1993) 219C

9. V. Credé: Diploma thesis, University of Bochum, 1996, un-
published

w N

®




10 The CrYSTAL BARREL Collaboration

actoFa ac [e,
80F mow 6of nw
60 600 MeV/c 40 a 600 MeV/c
40F i
20F 20F
O:’O ! . 8 o , O* ¢ . a ,
20 "o L] 20f .o
7407\MHw\Hww\HH\HH\HH\HH\HH\H el b b b b b b by
T2 3 4 5 6 7 8<¢Jna— 1 2 3 4 5 6 7 8
8 : 8 :
o R C:
~ 6 z . 6 Z z =
5 = T = e
T 5 o= - = 5 : =
é 4 = = :© = = 4 - - = = =
E 3 - |- = - - = 3 =z |z = = -
= ] = [ = —= - = = - = =
g 2 =l = = =z = 2 - - -
< 10 = - - — | — — — , _
S B e = ey = 1= &= == = = =
I = — == = C— C c—| = = = -
AL 5;- -
2.5k n'w
OF .| . 600 MeV/c
725; o [}
,5? ,
7.5k s m
—10F .
—12.5¢F ’
7w53‘mH‘\HH\HH\HH\H"\HH\HH(\)H
T2 3 4 5 6 /7 8  Jmax
8 z
7 = =
I = -
~ 6 = - =
g = -
b = = -
‘8 4 : :
E 3 DIz = =
Tﬁ — = [ /= = =
E 2 ) z = ' z
< — —| = - =
& 1 == - B - B

Fig. 5. Upper figures: Change of Log-likelihood values AL (black squares) as a function of Jmaz as fitted to the data. The open
diamonds describe the expected change of A L only due to the increase of the number of degrees of freedom (see text) Lower figures:
Partial intensities for different J-values as a function of Jmaz. From bottom to top: singlet M = 0, triplet M = —1,0,+1 for J odd,
and triplet M = —1,+1 for J even. The value JEO™'" is emphasized by vertical lines.

max



pp-annihilation into wm®, wn and wn' at 600, 1200 and 1940 MeVjc 11

ALBOOE ABOOE
700F 0w 550¢ nw
600 . 1200 MeV/c S00¢ 1200 MeV/c
500F 250¢ -
400} 200f
300F 150F
200F 100F
100F ) 50F
O o o o | wla & o O ol w e w .
PR A I A A B P N I B 101 S S A A P N IV B B B
1 2 3 4 5 6 7 8 <+ Jnax— | 2 3 4 5 6 7 8
8 - 8 :
7 < 7 <
W6 6 :
~ z = Z z
o 5 - 5 - :
5 - = L :
3’ 4 = z s 4 z z -
2, =] : R 3 == : = : =
E ] = | = = [ == - - — - - =
=2 = R : 2 = =
S —— = = = - = —— /=3 = - - -
=t 11 = o - R . 1=z |z = = = =
g — = = = == = — = I | == e
A[,SOO:_ . AL,
400F " mow WOO; . nw
500;— 1940 MeV/c 805’ 1940 MeV/c
; 60F
200f a0k
100F . ZO}O ]
Ojo 0 9 0 . . . . O* ¢ L] u . .
RPN RN ERVINEN EUVIRTEN NI PRI SRV VRN ENUVEATE EATrAT 7207‘mH‘mkuH\HH\H"\HH\HH\H
T2 35 4 5 6 7 B8« Jmax— 2 5 4 5 6 7 8
8 | 8 .
7 - - 7 =
W6 : - 6
25 = | - Z 5 I -
8 — | — = — = = -
= 4 = z z 4 z : :
g 3 N S 3 = =Z|z|:z = =
2 = Z |l e = = = = | =2| =z = =
-2 = = = 2 = ' ' :
Y —1— =R ' e = ===
g s e B A= - R —_ = e = = = : :

Fig. 6. Change of Log-likelihood values AL and the Partial intensities for 1200 and 1940 MeV/c. For explanation of symbols see Fig. 5.
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