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A partial wave analysis of �pp������� has been performed using
the �������� and ����� decay modes� The data are domi�
nated by an �� recoiling against the ���� S�wave� In addition�
a���	
�� � ���� is needed� There is evidence for contributions
from a������ � ����� The branching ratio of a������ � ����

with respect to ��� is consistent with the prediction of SU�	��

We have reported the observation of a new scalar resonance� the a������� ��	

This state was required to describe the process �pp��������� at rest in liq
uid hydrogen
 The most prominent structures in the ����� �nal state were
a������ and a�������
 In addition� there were signi�cant contributions from
the ���� Swave� which contains the f������ and another scalar meson at
�����  ����� MeV� the f�������
 Coupled channel analyses also need the
a������� meson ����	
 In this letter� we present an analysis of the related re
action �pp�������� �������� and �����
 This �nal state allows the same
resonances as ������ but the phase space is more restricted
 The branching
ratios of resonances in the ������ channel will be compared to ����� and the
predictions from SU����avour
 In this context the a������� and the a�������
are of special interest


The main selection criteria and cuts follow closely those used previously to se
lect the ���

���� ��	 and the �������� �nal state ��	
 The data were obtained
by stopping antiprotons from LEAR in the liquid hydrogen target of the Crys
tal Barrel detector
 A detailed description of the detector is given in ��	
 A
total of about �������� annihilations were recorded using an allneutral trigger
which required no charged tracks in the two PWC�s surrounding the target

After removing residual events containing charged tracks �due to trigger inef
�ciencies� for example from Ks������ events with �� or � electromagnetic
showers with a minimum energy deposit of �� MeV in the barrel were selected
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Fig� ��
The 
��� mass distribution before

�white� and after �grey� removing

�pp����� events	

To avoid energy leakage showers were not allowed to appear at the edges of
the calorimeter
 The data sample was further reduced by the constraint that
the total energy deposit of all photons had to lie close to �mpc

�
 Hence� we
collected ���� � ��� tenphoton and ���� � ��� sixphoton events
 Both samples
were then subjected to a kinematic �t requiring energy and momentum con
servation with a probability greater than ��� leaving ��� � ��	 tenphoton and
��� � ��� sixphoton events


We proceed with the description of the selection for the ��� data� which pro
vide the higher statistics sample for the ������ �nal state� The ��� events were
kinematically �tted to the hypotheses �pp���� and �pp����� 
 Ambiguous
events ����� were assigned to these hypotheses according to their respective
con�dence level� which were weighted with the corresponding branching ratios

In the invariant ��mass spectrum there is no evidence for any background
from ����� or from ����� with a soft missing photon


The invariant ���� mass distribution of the ���� �nal state ��g
 �� exhibits
two interesting structures
 A clear �� signal is visible due to events of the
type �pp������� ��������
 The signal sits on a nonnegligible background

This background is reduced by removing ���� ������� ����� events �grey
histogram of �g
 ��
 The second structure appears at a ����� mass of about
���� MeV
 A similar structure has been observed in our ��������� data� in
both ����� and ����� mass distributions� it was found to be generated by
the ������� �E�	� meson ��	


Here we analyse the clear ���������� signal ����� events� due to �pp�������

events
 The description of the background under the signal ����� events� is
based on the assumption that it produces the same distribution in the Dalitz
plot as events lying in �sidebins�
 For the �� signal we use a mass window from
��� MeV to ��� MeV
 By �sidebins� we mean the regions in the invariant
����� mass distribution below the peak �from ��� MeV to ��� MeV� and

�



above ���� MeV to ��� MeV�
 Thus we expect to have the same number of
events in the two sidebins and under the �� signal
 To shift the sidebin events
into the kinematic borders of the ������ Dalitz plot� the background events are
kinematically �tted to the hypothesis ������
 Before kinematic �tting� energy
and momentum are multiplied by a scaling factor so that the invariant �����
mass is exactly the �� mass
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Fig� 
� The ���������������� Dalitz plot� a� in the signal region� background and

acceptance corrected� and b� generated from 
side�bin
 events	

The �nal Dalitz plot ��g
 �a�� is generated by subtracting the sidebin Dalitz
plots ��g
 �b�� from the signal Dalitz plot
 The background Dalitz plot of
�g
 �b shows a structure which also appears in the data plot of �g
 �a at
m������

�� � ��� � ��� MeV� and m������
�� � ��� � ��� MeV�
 The ������

Monte Carlo data demonstrate that these events come from wrong �����
combinations which happen to have a mass close to the ��
 In all other parts of
the Dalitz plot the background is nearly �at
 Only ��� of the background can
be assigned to combinatorial background while the main part is due to ����
events not forming an ��
 Phasespacedistributed ���� events do not cause
any signi�cant structures in the ������ Dalitz plot
 The detector acceptance
is estimated from ������ Monte Carlo events� these are treated in exactly the
same way as real data
 The branching ratio is evaluated from the strength of
the ������ signal� the number of �p stopping in the LH� target and a Monte
Carlo determination of the detection e�ciency ��
���
� ��
 The number of
allneutral events is scaled to those observed with an open trigger requiring �p
stops only �enrichment factor ���


The procedure to select the �photon data is next described� The ���� � ���

events after preselection were �tted kinematically to the following hypothe
ses which consist of combinations of the mesons �������� ������� �������
and ���������� leading �nally to the � photons� ��C� ������� ������ �����
������� ������� ������ ��C� ��� ��C� ������ and ����� 
 The strongest chan
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Fig� 	�
The �� invariant mass distribution in the ��

region after the �C kinematic �t to ������	
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Fig� �� The ������������� Dalitz plot� a� after background subtraction and accep�

tance correction and b� generated from 
side�bin
 events	

nels ����� ����� and ����� were suppressed by rejecting events where these
channels had the highest con�dence level
 In addition the �C�t to ������ had
to have at least ��� probability while not exceeding �� for the hypothesis
�����
 The �� invariant mass of the residual photon pair is shown in �g
 �


In the mass window ��� MeV�c� 
 m���� 
 ���� MeV�c� we �nd �����
events
 The signal to background ratio of ������ ����� is estimated by �tting
a gaussian � �m � ������ ��� MeV�c�� plus a linear background
 Monte Carlo
simulations show that the major contribution to the background is due to the
channels ����� ������ with ����� and one photon escaping the detection�
��� and ����� which populate the high ����mass ends of the phase space as
seen in the background Dalitz plot �g
 �b


A �C kinematic �t corresponding to the ������ hypothesis for events falling
into the �� mass window was applied
 The remaining background was sub
tracted following the same procedure as for the ��photon sample
 The �nal
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Dalitz plot ������ events� and the sidebin Dalitz plot are shown in �g
 �a
and �b
 The e�ciency of the data selection and identi�cation of the ������

channel in the six photon �nal state is ����������� estimated by Monte Carlo
simulation� assuming a �at phase space distribution
 A small decrease in ef
�ciency is only seen in a small region at the ���� threshold
 The branching
ratio is calculated by scaling the number of events relative to the number of
events attributed to �pp� ��� which was selected in parallel from the �photon
sample
 The branching ratio of the latter channel was determined in ��	


For both investigations of the ������ �nal state we arrive at compatible branch
ing ratios after correction for the �� decay according to ��	
�B��� � ����� ���� � ��

��� B�� � ����� ���� � ��
���� and obtain the average�

Br��pp� �������� ������ ����� � ���� � ���

The Dalitz plots of the ������ �nal state with �� or �� ��g
 � and �g
 ��
are compatible
 We now describe the partial wave analysis
 The kinematically
allowed region for ���� is limited to ������� MeV� where the ������ Swave
can be described unambiguously as in our previous publications on �pp �

��� �����	
 Due to the small branching ratio of �pp � f�������� in the �
����

data ����	� the f������� can be neglected here


The ��� mass range covers ���� MeV to ���� MeV where the a������� and
the a������� may contribute
 We �nd no visible evidence for the high energy
tail of the a������ or the low energy tail of the a

�

������� ��	
 They both fall
into the marginal zone of the Dalitz plot with low statistics and low signal
to background ratio
 This region has little impact on the a������� and the
a������� since these two mesons populate the central region of the Dalitz
plot
 The background in this mass range is �at


As a further amplitude� we also try the ��� Pwave with exotic quantum num
bers IG�JPC� � �������
 The GAMS collaboration has reported a resonance
�������� in the reaction ��p����n ���	
 In an analysis of our data on ������
we found a contribution compatible with nonresonant behaviour ��	
 Here we
consider either a resonant or a nonresonant behaviour


The amplitudes for the �t of the ������ Dalitz plot are formulated using the
Kmatrix formalism in the Pvector approach ���	
 In agreement with the suc
cessful description of other three pseudoscalar �nal states of �pp annihilation
at rest and due to the limited statistics� we consider the �S� �pp initial state
only and neglect Pwave annihilation
 The square of the coherent sum of tran
sition amplitudes in a certain cell of the Dalitz plot area has to reproduce
the observed event density
 For adjusting the production strengths� masses
and widths of intermediate resonances we used MINUIT ���	 minimizing the
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� ��� � �� 	�� � �� 
��

Table �
Results of the partial wave analysis of the ������ Dalitz plot	 Branching ratios are
given ignoring interferences between channels� so they do not add up to exactly

��	

Poisson likelihood chisquare ���	�
�� � �

P
i yi�ni�ni ln�ni�yi�� with ni the number of events in the ith bin and

yi the number of events predicted by the model in the ith bin
 We quote the
corresponding Neyman chisquare here
 The results of the partial wave analysis
applied to the ��photon sample ���� data points� are summarized in table �

The �� data sample leads to compatible results


As a �rst hypothesis we assume that only the ������S wave contributes and
neglect ���� interactions ��t ��
 This �t is obviously inadequate� since it gives
uniform diagonal bands on the Dalitz plot� in clear disagreement with data
�see �g
 �a�
 The addition of a������� or a�������� with �xed mass and width�
gives a large improvement in �� ��ts � and ��
 We �nd a further signi�cant
improvement of  ���� � �� when including both resonances ��t ��
 A com
parison of the experimental Dalitz plot with this �t and the corresponding ��

distribution is given in �g
 �
 The errors quoted are due to a statistical and a
systematic error covering uncertainties in the mass and width of the resonance
content
 We omit contributions from the interference of the two a������� and
the two a������� bands


The in�uence of the a������� on the quality of the �t is visible in the �
���

mass distribution �g
 �
 Without a������� there are deviations in the center
of the ������ phase space


SU��� predicts the relative branching ratios of a������� �� ����� ���� in �����

and ������
 It likewise predicts the magnitude of the a������ contribution
to ������ using our earlier partial wave analysis of �����
 The prediction is
a small a������ contribution ��
� � �
��� which is included in �t �
 The
contributions of the a������� and the a������� are slightly reduced compared

�
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Fig� � Comparison of data and �t to hypothesis � of the ����������������� Dalitz

plot� a� the theoretical Dalitz plot b� corresponding �� distribution comparing data

with �t �	 The largest boxes correspond to �� values of �	
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Fig� �� Comparison of the ���� mass projection of data �dots� and �t �histogram�

with a reduced binning� a� �� S�wave tried only ��t ��� b� without a������ ��t ��
and c� including a������ ��t ��	

to �t �� but there is no improvement in ��


It is not possible to get a good description of the data without a�������

Adding the resonating ��� Pwave improves �� by only � if �tted with GAMS
parameters ���	 or by � if �tted freely in mass and width up to nonresonant
widths
 However� the value of ���ndf remains the same due to the additional
free parameters
 It removes intensity from the a������� and the �� Swave�
but the contribution amounts at most to �
��


In �t � the mass and width of the a������� are varied freely
 However� the
data are very insensitive to the a�������
 Therefore we shall keep the mass
and width of a������� �xed at values from ref
 ��	
 The �t is not sensitive to

�



the detailed shape of the �� Swave
 Di!erent parametrisations from other
analyses do not cause changes in the �t quality and result


We now compare the branching ratios for a������� and a������� with predic
tions of SU����avour
 As a consequence of the OZIrule� couplings of these
states to the � or �� occur only via their � �dd� �uu� components
 This implies
for the ratio of branching ratios ���	

����������
F �
L�q�����

F �
L�q����

�
q����

q���
� tan����� � "id �"PS�� ���

with a pseudoscalar mixing angle "PS of �����������
� from ���	 and an ideal

mixing angle "id of ����
�
 The decay momenta q���� and q��� are phase space

factors
 The function F �
L�q� describes the angular momentum barrier in the

decay of a resonance with relative angular momentum L between the decay
particles
 For L � �� F �

L�q� � �
 The eqn
��� predicts for a������� a ratio

��a�������������� ����� ���

The a������� ratio depends strongly on F �
L�q�
 A simple choice is F

�
L�q� �

q�L ���	
 This is an approximation for small values of q and describes pointlike
particles
 It results in a predicted ratio of ��a�������� � �����
 For extended
particles we use a BlattWeisskopf parametrisation ���	�

F �
� �q��

�qr��

��qr�� � ��� � ��qr��
� ���

The mean range parameter r depends on the size of the meson
 For r � � fm�
� � �
��


For the calculation of the intensity of partial waves we use �t � and average
the results obtained for the tenphoton and sixphoton samples
 The a�������
contribution to the ������ channel is ���� � �����
 With its contribution of
�� to �pp� ����� ����	 and the branching ratio of ���� � ���� � ���� ��	 for
�pp������� we calculate for the ratio of branching ratios �eqn
����

��a�������� �
Br�a������������

Br�a�����������
� ����� ���� � ���

This result is in nice agreement with the SU��� prediction � see eqn
����


For the ���� Swave� which contributes about ��� to ����� and �����������
to ������� we �nd

�



��������S� �
Br��pp���������S�

Br��pp��������S�
� ����� ���� � ���

For twobody �nal states we have measured earlier the following ratios ���	�

Br��pp�������Br��pp����� � ������ ����� ���

Br��pp�������� �Br��pp����� � ������ ����� ���

Br��pp������Br��pp���� � ������ ����� ���

Thus the behaviour of the ������ Swave is similar to twobody processes
involving an � or ��


We found ��� a������� intensity in the �
���� �nal state ����	
 From its con

tribution of ����� ����� to ������ one obtains

��a�������� �
Br�a������������

Br�a�����������
� ������ ����� � ����

This is in agreement with two measurements of the VES collaboration ������	
quoting a ratio of � � ����� � ����� � ����� and � � ����� � ����� � ������
respectively
 For the mean of the three values we �nd

��a��������������� ����� � ����

According to eqn
��� this value implies a weak centrifugal barrier for �pp �
a��������� namely an upper limit of r � ���� fm
 For other tensor mesons� a
value of ��
�� � �
��� fm for r was determined in ref
 ���	


BR��pp� PS X�X� �PS��PS� � �����

�pp� a�������
�� a������� ���� ����� � ���



�pp� a���	
���
�� a���	
��� ���� ����� � ����	

�pp� ����S�
�� ����S� ���� 	�� � ���

Table 

Product branching ratios

We conclude� that the ������ and the ����� �nal states of �pp annihilation
at rest are consistent with the production of both I � � resonances a�������
and a������� and with rates compatible with SU����avor expectations
 The
branching fractions are given in table �
 A small amount of exotic Pwave
can be introduced in addition to the �� Swave� a������� and a�������
 The
resonance parameters of a������� are better de�ned in the Dalitz plot analysis
than these of a�������
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