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In a recent letter we have reported on the ob�
servation of a new scalar meson� the f
������
with a mass of ���������MeV and a width of
��������MeV decaying into �
�
 and �� ����
Moreover� a scalar meson called G�f
���
��� at
a slightly higher mass and larger width� had
been observed previously in the �� and ���

�nal states ���	� with a mass and width of
������		�MeV and ��������MeV as measured
in ��� decay� The large coupling to ��� was surpris�
ing ���G�f
���
��� ����� ��G�f
���
��� ��� �
��
 � ��� � and was interpreted as evidence of a
glueball nature for this state ���� These facts mo�
tivated us to search for the reaction �pp � �
���

with the Crystal Barrel Detector at the CERN
Low Energy Antiproton Ring � LEAR � by stop�
ping ���MeV�c antiprotons in a liquid hydrogen
target� Details on the detector are given else�
where ����
We have chosen the six�photon �nal state

to search for �
��� with all three pseudoscalar
mesons decaying into two photons� This choice
limits the photon�combinatorics �compared to de�
cay modes like ����
�
��� but reduces the statis�
tics� as the �� decay branching ratio into two pho�
tons is only ������ A total of ���� � ��� anni�
hilations were recorded� using a �zero prong trig�
ger�� i�e� requiring that an antiproton should enter
and not leave the target� and that no charged par�
ticles be detected in the charged track detectors
surrounding the target ���� After removing events
with residual track elements we keep �� � ���
�all neutral� annihilations corresponding to about
� � ��� �pp annihilations� There are 	�� � ���
events with exactly six electromagnetic showers�
This sample is further reduced to ���� ��� events
when a �C kinematic �t �imposing energy and mo�
mentum conservation� is applied to the �pp � � �
hypothesis � probability � �� ��
The remaining sample is subjected to a series of

kinematic �ts in which the meson masses are im�
posed in addition to energy and momentum con�
servation ��
�
�� � �
��� ��C�� �
�
�
� �
�
��
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Fig� �� The �� invariant mass of the remaining ��pair in
����� of the untriggereddata set� A gaussian functionwith
a linear background term is superimposed�

�
��� �
�
��� �
��� �
C�� ����C��� Events for
which the con�dence level for one of these hy�
potheses �except �
��� or �
���� is larger than
�� are rejected� We show in Fig� � the �� invari�
ant mass distribution for the events compatible
with a �C �t to the �
��� hypothesis with a con�
�dence level exceeding ���� A clear signal is ob�
served at � 
��MeV � This indicates the presence
of the ���
����
To estimate quantitatively the size of this sig�

nal� we �t to the distribution a gaussian function
superimposed on a linear background� The central
mass value is found to be at �
���������MeV with
	 � �
��� ��
�MeV �
The signal contains ��	� � ��� events� A 
C

kinematic �t� corresponding to the �
��� hypoth�
esis for the events falling in the mass window

��MeV � m�� � ����MeV� leaves ��� events
satisfying this hypothesis with a con�dence level
larger than ���� This is the sample of �zero prong
trigger� events which will be used in the following
analysis� From the size of the signal observed on
the Fig� �� we conclude that this sample includes a
background contribution of the order of �� events
expected to pass the 
C �t�

�
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The e ciency of the data selection and identi��
cation of the �
��� channel in the six�photon �nal
state is ���
� as determined by Monte Carlo� as�
suming a !at phase space distribution for �
����
The selection and reconstruction e ciency of the
�
��� events is uniform over the Dalitz�plot� Scal�
ing the number of observed events with the num�
ber of events attributed to �pp � ��� for which
the annihilation branching fraction has been de�
termined in ���� and using the two�photon branch�
ing ratios �
�� we arrive at the annihilation branch�
ing fraction "

BR��pp � �
��� � � � ���� ��� � � ���� �
We have studied possible background contribu�

tions with Monte Carlo simulations�These Monte
Carlo events are produced assuming phase space
distribution and analysed with the same analysis
chain as real data� Backgrounds are found to come
from �
�� �� events� and �
�� ��� events�� leav�
ing � �� background events unexplained�
Some events of the type �
�
�
 that fail the

�
�
�
 �
C hypothesis�� happen to satisfy the
kinematics for the process �
��� with a �� invari�
ant mass close to the �� mass� This background is
completely eliminated by the �
�
�� rejection�
In order to improve the statistics for the �
���

channel� we have set up a special trigger enhanc�
ing the fraction of �pp � � � events which corre�
spond to the �
��� channel� The hardware trigger
requires the absence of tracks from charged parti�
cles in the drift chamber and the detection of � to

 photons in the calorimeter� A fast on�line recon�
struction program selects events having exactly six
photons and calculates the two�photon invariant
masses �with �� combinations per event�� Events
are accepted when the six photons can be com�
bined to form one �
� one � and one �� meson�
When real data are processed with the trigger
program � ��� of the events which are identi�
�ed as �
��� events in the analysis chain are ac�
cepted� When triggered data undergo the same
analysis chain as the �zero prong trigger� events�
��
 candidates are found� The triggered data show
the same characteristics as the untriggered data�
Fits to the two individual Dalitz�plots give com�
pletely compatible results� We therefore combine
the two sets of data� i�e� a total of 
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Fig� �� The ����� Dalitz�plot of the combined data set�

�which include a !at incoherent background of
� ��� events�� in the following analysis�
Fig� � shows the �
��� Dalitz�plot and Fig� 	

the ��� mass projection and the decay angular dis�
tribution of the ��� system�
There is a strong enhancement in the lower right

corner of the Dalitz�plot�This enhancement might
a priori be attributed to the �
�� decay mode
of the a���	��� or to an ��� resonance� In the
�
�� �nal state we do not observe evidence for
�pp � �a�� a�� �
�� From the known a�� ���

decay branching ratio �
� we estimate that the
channel �pp � �a� a���
�� contributes less than
	� events to the combined data set� Hence this
reaction cannot be responsible for the mass en�
hancement and we conclude that we observe an
��� e�ect� The mass range might suggest that we
are dealing with the f �������� resonance� but again
the production rate is known to be too small ���
to allow this interpretation� Furthermore� the an�
gular distribution in the ��� rest frame is !at �see
Fig� 	� in this region�
We have also observed this enhancement in a

di�erent �nal state" the channel �pp � �
���was
also studied for �� decaying to ����� ��nal state
�������
� leading to ���� ����
Events with two charged tracks reaching the

	



Volume �� number � PHYSICS LETTERS B �� September ����

outer layers of the jet drift chamber were sub�
mitted to an online hardwired processor select�
ing eight clusters in the barrel� An online software
trigger then computed all combinations of two�
cluster invariant masses and required two �#s and
one �
� Events consistent with �
��� were then
selected in the o$ine analysis by applying a suit�
able cut in the ����� mass distribution around
the �� peak� The Dalitz�plot is identical to the one
presented in Fig� � and the ��� mass distribution
for the resulting ��� events is shown in Fig� ��
Thus we attempt to describe the Dalitz�plot

�see Fig� �� with two amplitudes� a relativistic
Breit�Wigner amplitude BW ����� for production
of a scalar resonance decaying into ��� and a !at
incoherent background� Assuming S�wave domi�
nance in liquid hydrogen� the only initial atomic
state to be considered here is �S
 � We use the
Breit�Wigner amplitude in the following form

BW ����� �
m
�


m�

 	m� 	 im
��m�

���

with

��m� � �

m


m

q

q


 ���

where q is the breakup momentum and m
 the
resonance mass� The total amplitude squared is
then given by

jAj� �

������
p
a

BW �����qR jBW �����j�d%
������
�

&

������
p
Nexp 	 a

�qR
d%

������
�

�	�

The amplitude contains three parameters� two for
the Breit�Wigner BW ����� and a� the number of
the true �
��� events� The �t �nds that a �!at�
incoherent� background of ��
� � ��� events is
present in the sample� in agreement with the es�
timation made above � ��� events� � Adding co�
herently to the �rst term of �	� an ��� S�wave
resonance with mass and width �������
�� MeV
as those measured by us ���� for the a
������ in
�pp� ��
�
 does not result in an improvement of
the �t and does not yield any signi�cant contri�
bution for this a
������� It will therefore not be

included in the following results� Due to the low
statistics� a maximum likelihood method is cho�
sen to �t the data� We minimize the negative log
likelihood function"

	 lnL �
Z
jAj� d%	

NexpX
i��

ln�jAij�� ���

where the summation extends over the data
points� The amplitudes are normalized over the
Dalitz�plot in every iteration of the �t� With this
normalisation

R jAj� d% � Nexp�
The �t is shown as a solid line in Fig� 	 and

reproduces reasonably well the experimental dis�
tributions� A ���test on these distributions yields
a value of ����� for �� bins� In comparison� as�
suming that the threshold enhancement is a tensor
resonance results in an unacceptable �� of �

 �
From the �t we obtain a mass ofMX � ������

���MeV and a width of �X � ���� � ���MeV�
The errors are estimated from variations of the
background parametrisation� A total of ��������
events is assigned to the ��� resonance� This cor�
responds to a combined branching fraction of

BR��pp � �
X
X� ��� � � ���
� ���� � ����

Describing the ��� threshold enhancement with
a �� ��K�matrix� with �� as the second channel�
does not signi�cantly modify these conclusions�
As the observed enhancement occurs near the

��� threshold� we also tried to interpret the data
in terms of an ��� scattering length� The data were
�tted using

L����� �
�

�	 a
p���
���

instead of the Breit�Wigner amplitude in eq� �	��
p being the three momentum of the � in the
���system� The �� increases to 
	 and the dete�
rioration can be traced to the ��� threshold re�
gion� The scattering length is determined to be
a
 � ���
�� ����� fm� Due to the large �� we do
not �nd this solution acceptable�
We �nally note that in these annihilations at

rest� the total energy of the �
 is small and may�
at most� reach 		� MeV� we have therefore tried to
introduce an amplitude which would take into ac�
count the e�ects due to the emission of the soft

�
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pion� Assuming the dominance of One Nucleon
Exchange �
�� we parametrize the intensity as fol�
lows"

Isp �
�

E�
��

�
p�p��

�mNE� 	m�
�

&
p��p��

�mNE�� 	m�
��

��

���

where p� is the 	�momentum of the pion and E�

its energy� This minimal distortion alone is not
su cient to reproduce the observed threshold en�
hancement � ��� ��� ��
In conclusion� we have observed an ��� thresh�

old enhancement in the reaction �pp� �
��� � The
most likely interpretation is that it is another de�
cay mode of the f
������ resonance observed in �pp
� f
 �


 � f
 � �
�
 and �pp � f
 �

 � f
 � ��

���� Its mass and width found in this analysis are
��������� MeV and �������� MeV respectively�
The measurement of the branching ratios of this

f
������ resonance into ����� and ��� is being
evaluated� making use of the full samples of data
accumulated by the Crystal Barrel Collaboration
on �pp� �
�
�
� �pp� ���
 and �pp� ����
� and
will be presented in a forthcoming publication�
The value obtained for the mass is not incom�

patible with the value obtained by GAMS for the
��� decay mode of the G�f
���
��� The value ob�
tained for the width� however� di�ers signi�cantly�
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Fig� �� The ��� projection derived from the reaction �pp �
�������� exhibits the same features as the ��� spectrum
in Fig���
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