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E decays to ��� in pp annihilation at rest
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The E meson 	M 
 ��
� MeV� � 
 �� MeV��
decaying to KK�� was �rst observed in pp an�
nihilation at rest into KK�� in liquid hydrogen
���� Its quantum numbers were determined to be
JPC
���� the isospin I 
 � being favoured over
I 
 �� A fraction of about ��� of the KK� �nal
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state was found to proceed through the interme�
diate K�K � c�c� while the remaining ��� was
attributed to the intermediate a		����	� KK���
The Asterix Collaboration at LEAR has also ob�
served an enhancement at ���� MeV in pp annihi�
lation at rest into K�	K	�miss�

����� in gaseous
hydrogen �
�� A spin�parity analysis was not per�
formed due to limited statistics� The weaker E
production in gas than in liquid is� however� con�
sistent with the emission of a ��� state from
atomic S orbitals� which are less populated in
gas� A ��� signal in KK� was also reported
in pp annihilation at ��� GeV�c ���� The ���

spin�parity assignment to the E meson has ne�
vertheless remained controversial� various experi�
ments in other hadronic reactions reporting a ����
f�	��
��� and�or a ���� �	������ in this mass re�
gion ����

A ��� state decaying to KK�� named �� was
also observed in radiative J�� decay ���� This state
was interpreted as a prominent glueball candidate
due to its strong production in a gluon rich chan�
nel� More recent data from the Mark III collabo�
ration ��� suggest three overlapping resonances in
this mass region� a ��� around ���� MeV decay�
ing to a		������ a ��� at ���� MeV and a ���

around ���� MeV decaying into K�	��
�K� This
raises the possibility that the ���� MeV state in
the � structure and the E meson� if ���� are ac�
tually identical� A substructure in the E�� region
is also observed in radiative J�� decay by DM

��� and in pp annihilation at rest by the Obelix
Collaboration at LEAR ����

The ��� decay mode may help to disentangle a
��� from a ��� state� From the a		����� � KK�
decay modes of the E meson and the lower state in
the � structure one would expect a prominent sig�
nal in the �nal state a	�� ���� This has indeed
been observed by DM
 ��� and Mark III ���� in ra�
diative J�� decay� An ��� structure was observed
at ���� MeV in pp annihilation at ��� MeV�c ����
but no spin�parity analysis was performed� In con�
trast� no ��� signal is seen in f�	��
�� decay ��
��

In this letter we report the �rst observation of
the E meson decaying to ����� and ��	�	 in
pp annihilation at rest into �����	�	�� leading
to ���� and � detected photons� A spin�parity
analysis was performed with the aim 	i� to �rmly

establish that E is pseudoscalar� 	ii� to measure
the relative contributions of a	� and �	���s de�
cays 	where 	���s is an S�wave dipion� and 	iii�
to determine whether the E meson and the lower
state in the � structure are identical�

The experiment was performed at the Low En�
ergy Antiproton Ring 	LEAR� at CERN� A de�
tailed description of the apparatus can be found
in ref� ����� Antiprotons with a momentum of 
��
MeV�c are stopped in a � cm long liquid hydro�
gen target� The antiproton beam is de�ned by a
proportional wire chamber� a matrix of four sili�
con counters and a small � mm diameter circular
silicon counter which further restricts the incident
beam size on the hydrogen target� The target is
surrounded by two cylindrical proportional wire
chambers� a jet drift chamber 	JDC� to detect
charged particles and a barrel�shaped calorimeter
consisting of ���� CsI	Tl� crystals with photodi�
ode readout� The assembly is located in a solenoid
providing a homogeneous �eld of ��� T parallel to
the incident antiproton beam�

The JDC covers a solid angle of ��� ��� for
the innermost and ��� ��� for the outermost of
the 
� layers� It is cylindrical with a length of
�� cm and a diameter of �� cm and is divided
into �� azimuthal sectors� The coordinate along
the beam axis is measured by charge division� We
use slow gas� a mixture of ��� carbon dioxide and
��� isobutane at atmospheric pressure� The mo�
mentum resolution achieved for the present data
is about ��p 
 
�� � for charged pions at 
��
MeV�c� rising to about � � at ��� MeV�c�

The CsI calorimeter covers the polar angles be�
tween �
� and ���� with full coverage in azimuth�
The crystal information is read out by two ADC
systems in parallel� one providing a high sensitiv�
ity over a limited range 	� to ��� MeV�� the other
	� to 
��� MeV� also providing a fast readout for
the trigger system 	see below�� The � energy reso�
lution is ��E 
 
	� � for � GeV photons and the
angular resolution is typically � 
 
� mr in both
polar and azimuthal angles�

The minimum bias trigger 	�rst trigger level� re�
quires an incident p� i�e� a coincidence between the
beam�de�ning silicon and any of the four other sil�
icon counters� In view of the expected low branch�
ing ratio for the E signal we collected the present
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data with a trigger selecting �����	�	� events�
The optimum trigger parameters were obtained
by submitting minimum bias events� which were
reconstructed o�ine as �����	�	� events� to a
trigger simulator or by replaying them through
the online software trigger� The goal was to max�
imize the enrichment factor 	the fraction of re�
constructable �����	�	� events on tape� and the
data acquisition speed�

The second trigger level selects the charged mul�
tiplicity from the JDC and rejects pile�up events�
The trigger information is extracted from layers 
�
� for which we accept events with 
 hits in each of
the � layers� To increase the o�ine reconstruction
e�ciency and improve on the momentum resolu�
tion we ask for 
 long tracks 	
 hits in layer 
� and

 hits in layer 
��� The decision time of the sec�
ond trigger level is � 
s� The enrichment factor is
��� 	which includes the 
�prong branching ratio of
about ����� The trigger e�ciency for �����	�	�
is ��� due to the restricted solid angle and small
ine�ciencies of the JDC readout 	from which we
require exactly 
 hits on � layers��

The third trigger level uses a fast cluster encod�
ing processor which counts the number of clus�
ters registered in the calorimeter the crystals are
mapped onto a matrix of 
� rows and �� columns�
For all crystals with energy deposits above thresh�
old 	here �� MeV� the corresponding bit in the
matrix is set� A hardwired algorithm then �nds
clusters of neighbouring bits� Since we require two
charged particles and six photons� we ask for ex�
actly eight clusters in the barrel� The total energy
deposit in the barrel is also required to lie between
��� and ���� MeV� The decision time is �� 
s� the
enrichment factor ��� and the e�ciency ����

The fourth trigger level 	software trigger� then
receives the energy information from the fast con�
version ADC!s� �nds the clusters and computes
the energy deposits in the clusters� The center of
the cluster is determined by the crystal with the
highest energy deposit� The trigger can separate
two clusters if there is a gap with energy depo�
sition below a given threshold 	�� MeV for the
present data�� Clusters with less than a given mi�
nimum 	�� MeV for the present data� are ignored�
The software trigger needs ��� 
s to calculate the
number of clusters�

In the next step the invariant masses of all possi�
ble �� pair combinations are calculated� We de�ne
�	 and � mass windows as �
� to ��� MeV and
�
� to ��� MeV� respectively� and accept at most
one combination outside the �	 and � windows 	to
allow for the energy deposits of the charged pions�
and require at most 
�	 or 
� �� The decision time
lies between � and 
 ms� The enrichment factor of
the software trigger is ��� and the e�ciency ����

We then obtain a total enrichment of �� and a
total trigger e�ciency of ��� The data acquisition
rate saturates at 
� Hz for about �� ��� incident
p�s� compared to �� Hz for minimum bias events�
The present data 	�	������ triggered events� were
collected in � days�

After event reconstruction by the o�ine ana�
lysis we require two tracks with opposite charges�
each with at least �� wires hit� This leaves a sam�
ple of �	��� ��� events� Crystals with energy de�
posits below � MeV are ignored and clusters are
required to have at least 
� MeV� A cluster origi�
nating from a charged particle is discarded as a �
candidate if the extrapolated trajectory from the
JDC matches a cluster in the barrel� Unmatched
energy deposits arise either from photons or from
secondary hadron interactions in the barrel 	split�
o�s�� Events with at least � and at most � un�
matched clusters 	thus allowing for at most 
 split�
o�s� are submitted to a �C kinematic �t to the ��
nal state ������� requiring total momentum and
total energy conservation� The most likely �� com�
bination is obtained by �tting all combinations
and retaining the combination with the highest
con�dence level� This leaves �	������ events with
a con�dence level of more than ��� We �nd that
��� of the �tted ������ events have �� 
�� have
� and ��� have 
 split�o�s in the barrel�

The events are then submitted to a �C kine�
matic �t imposing the �	 and � masses events
satisfying the �����	�	� hypothesis with a con�
�dence level larger than 
�� and failing both the
������	 and �����	�� �ts with each more than
��� probability are retained for further analysis�
Ambiguous events with more than one 
�	� com�
bination with a con�dence level larger than ��

�The �� selection is used to study in parallel the �nal
state ������ � ������ ��	��

�
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are also rejected� This leaves a sample of 
��!���
�����	�	� events� The ��	�	 and ����� mass
distributions are shown in �g� �� Apart from the
strong �� signals one observes a shoulder in ��	�	

and an enhancement in ����� in the ���� MeV
region� presumably due to the E�meson�

Figure 
 shows the �����	 and �	� mass dis�
tributions with clear evidence for the �	�� and
�	�� channels� The most prominent contribution
to �	�� is the intermediate a		����� 	�g� 
a�� An
�C kinematic �t leads to ���!��� �	�� events with
a con�dence level of more than 
��� The Dalitz
plot of these events ���� is identical to the one ob�
served in the �nal state �	�� � �� studied ear�
lier by our collaboration� We found that a		�����
contributes about ��� to �	�� �����

To simplify the further analysis all events
compatible with �	��	� �����	� or �	��	�
�����	� with a con�dence level of more than ��
are removed� This then leaves a sample of �
�!���
events� The resulting ��� mass distributions and
the clear signals for the E meson decaying to
��	�	 and ����� are shown in �g� �� We esti�
mate the number of visible E mesons to be about
����� To study further the E signal one could re�
move events in the �� peaks� but in contrast to the
� events which are broadly distributed in the ���
mass distribution� the �� � ��	�	 events generate
a broad re"ection in the ���� MeV ����� region
and� conversely� the �� � ����� events in the
���� MeV ��	�	 mass region� This cut is there�
fore not applied�

We now determine the branching ratio for the
annihilation channel pp � �����	�	� using two
di�erent methods� We �rst calculate the branch�
ing ratio for �����	�	�� relative to that for
������	� by submitting a sample of �	
� � ���

minimum bias events to the same o�ine ana�
lysis� We obtain ���� �����	�	� events and
����
� ������	 events� The detection and re�
construction e�ciency is determined by Monte�
Carlo simulation of the detector and data re�
duction procedure using GEANT ����� assuming
phase space distribution� We �nd a detection and
reconstruction e�ciency of 	���� � ��
� � and
	���� � ��
� � for minimum bias �����	�	� and
������	 events� respectively� Since systematic er�
rors largely cancel in the ratio we quote statis�
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tical errors only� Using the branching ratio for
������	 determined earlier by our collaboration�
	��� � ���� � ����� and taking into account the
known 
� decay branching ratio of �	 and �� we
�nd B	�����	�	�� 
 	
��� � ����� � where the
uncertainty is dominated by the statistical error
for the minimum bias �����	�	� sample�

Using the second method we extract from our
triggered data sample ���!�
� � ���� �	��	�
�����	� and �!��� � 
�� �	��	� �����	�
events by �tting Gaussians with polynomial back�
grounds to the � and �� �����	 mass distribu�
tions 	�g�
b�� The corresponding detection and re�
construction e�ciencies are determined by gener�
ating a sample of �	����� phase space distributed
�����	�	� GEANT events which are submitted
to a trigger simulator and then processed through
the same o�ine analysis as real events� This data
sample will also be used below to perform the am�
plitude analysis of the E meson� We obtain an
e�ciency of 	
�� � ��
� � for �	�� and 	��� �
���� � for �	��� The lower e�ciency compared to
minimum bias data is due to the trigger e�ciency�

The branching ratios for the channels �	���
	���� � ���� ��� and �	��� 	��
�� ����� ��
have been measured by our collaboration in
the all�neutral �� and �� �nal state ��������
With our 
��!��� �����	�	� events 	reconstruc�
tion e�ciency 	
��� � ����� �� we then obtain
B	�����	�	�� 
 	���� � ��
�� � and 	��
� �
����� �� taking into account the known decay
branching ratios for � and � 	and a factor of
two for �	���� These numbers are in reasonable
agreement with the determination above� 	
��� �
����� �� and provide a consistency check within
the Crystal Barrel measurements� Averaging and
increasing the errors with the standard Rosenfeld
method ��� we �nd

B	�����	�	�� 
 	
	��� �	����� 	��

which will be used below to calculate the branch�
ing ratio for E production�

We now proceed to the spin�parity analysis of
the �����	�	� �nal state� excluding the � and
� � �����	 contributions� which leaves �
�!���
events� The data are analyzed with a maximum
likelihood �t using the helicity formalism �
�� in
the isobar model� in which the initial pp system

is assumed to decay to the �����	�	� �nal state
through two�body intermediate states� The two�
body decay amplitude is given by the matrix

A 
 DJ
�M 	
� ��FL	q�BWL	m�

� hJ� j LS��ihS� j S�S�������i	 	
�

The row index � 
 �� � �� runs over the 	
S� �
��	
S� � �� daughter helicities� while the column
index M runs over the 	
J � �� magnetic sub�
states of the isobar# q is the daughter momentum
and 
 and � refer to the decay angles in the isobar
rest frame� BWL	m� is the Breit�Wigner ampli�
tude for the isobar� and FL are damping factors�
For the �� we use a Gaussian since the width is de�
termined by the resolution of the apparatus� For
the �� S� wave we replace the Breit�Wigner ampli�
tude by the S�wave amplitude measured in elastic
�� scattering �
��� More details on the formalism
can be found in our analysis of the ��	�	 channel
�

��

The total amplitude Ajl for a decay chain l
and a �����	�	� event j is a product of ma�
trices A 	eqn� 
�� We assume S�state annihila�
tion dominance following capture in liquid hydro�
gen �
�� and use only contributions from the S�
states of the pp atom to �����	�	�� The vari�
ous chains are added coherently if they have the
same initial state �S	�I

G	JPC � 
 ��	����� or
�S��IG	JPC � 
 ��	������ The �ts are repeated
for various �xed resonance masses and widths�

The quantity to be minimized is

S 
 
N ln
MX
i
�

wi	MC�� 

NX
i
�

lnwi	DAT � 	��

where wi	MC� and wi	DAT � are weights calcu�
lated for Monte Carlo and data events� respec�
tively� The sums run over N data events and M
Monte Carlo events� The weights are given by

wj 


�����
L�X
l
�

ale
�i�lAjl	

�S	�

�����
�

�

�����
L�X
l
�

a�le
�i��

lAjl	
�S��

�����
�

� 	��

with appropriate normalization of the amplitudes

�
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Ajl �
AjlqPM

i
�
jAilj�

	 	��

L� and L� are the numbers of chains leading to
the observed �nal state� The real parameters al�
a�l� �l and ��l are determined by the �t� For each
initial state the phase � of one decay chain is ar�
bitrary and set to zero� There are sometimes two
possibilities to form a given decay chain� for ex�
ample X � ��a�	 and X � ��a�	 � In this case
the amplitudes a� and a� are equal but �� 
 ��
for isoscalar and �� 
 �� �� for isovector decay�

Before �tting the E we try a series of $back�
ground% chains to describe the �����	�	� �nal
state without the E signal� We neglect contribu�
tions from channels with �� in a relative D wave
	e�g� f�	�
���� and �� in a relative D wave 	e�g�
a�	��
���� This is justi�ed by the absence of ob�
vious signal and the lack of phase space for these
excitations at rest�

From the �S	 initial state we include direct con�
tributions from ���� where the four�pion ���

system decays to ����	 and ����� Here ���

stands for the ���� S�wave and �	 for the �	�	

S�wave �
��� By direct contribution we mean that
the four�pion resonance is very broad and thus we
set BW
�� We also include ���	 and ������ using
for �� � ��� three�body phase space since the ��

decay Dalitz plot is� to a very good approximation�
entirely "at �
��
���

From the �S� initial state we include the ���	

amplitude and direct contributions from 	i� ����
where the four�pion system decays to �	�	 with
angular momenta � or 
� 	ii� ���� � ��	��	�
	iii� ���� � ��	� a�	 	��������	 and 	iv� ���� �
��	� a			�����	��	�

These contributions provide a reasonable de�
scription of the background outside the E me�
son region� Other ingredients� some of which are
discussed below� were also introduced into the �t
but they did not change the background descrip�
tion signi�cantly� The relative intensities are given
in Table � 	Fit A�� Due to large overlaps beween
the amplitudes we do not consider the individ�
ual intensities for the direct contributions 	D�C��
as meaningful quantities and therefore we do not
quote them separately in Table ��

Table �
Fractional contributions a�

l
to the �nal state ���������

�excluding ���� and ���� contributions�� The errors are
statistical only� Fit A� background only� �t B� with a 
��

E� �t C� with a ��� E� �t D� with both 
�� and ���

contributions� �S denotes the change in S compared to �t
A �S����
������� The numbers in square brackets are the
intensities with �� events removed �normalized to the full
data sample�� D�C� denotes the sum of the direct contribu�
tions�

A B C D

�S ���
� ��			 ���	�
�S�
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�
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We then introduce the annihilation channels

pp� E ���

E � ��	and E � a			� ��	��	�

pp� E �	

E � ����and E � a�	 	� ������� 	��

which only occur from �S	 atomic orbitals for a
��� E 	�t B� or for a ��� E 	�t C�� The am�
plitudes are added coherently to the background
amplitudes from �S	� Fit B leads to a reduction of
S by ���� compared to ���� for �t C 	Table ���
For �t C we �nd only a broad minimum around
���� MeV for which it is not possible to determine
the width�

If one introduces both ��� and ��� 	�t D� S
decreases only by ��� with respect to �t B and
the ��� has a total intensity of 	��� � ���� �� The
��� contribution remains stable� The strength of
the ��� contribution does not depend strongly on
the description of the background� Including ad�
ditional background chains ���� we estimate the
��� contribution to be 	��� � ���� �� compatible
with zero� On the other hand� the ��� contributes
	���� � ���� � to the �����	�	� �nal state� We
therefore conclude that E is pseudoscalar� Since E
decays to ��	�	 its isospin is zero and its C�parity
is C
��� The �tted ��� mass distributions 	�t B�
are compared to data in �g� ��

To illustrate the strong ��� preference we show
in �g� � the measured angular distributions in the
E rest frame� together with the �tted angular dis�
tributions for ��� 	recoiling against � with re�
spect to the "ight direction of E� and for a�	 	re�
coiling against ��� for �t B and the prediction for
a ��� E of the same intensity� To enhance the
E signal in �g� � we have selected events with an
��� mass between ���� and ���� MeV and have
removed all �� events� The ��� assignment clearly
disagrees with data�

Figure � shows the ��� mass distribution in
the E region 	��������� MeV�� A strong a�	 	����
peak is observed� The inset shows the ��� mass
distribution when events in the side bins of the
E meson are subtracted� The strong enhancement
around ���� MeV proves that E indeed decays to
a�	 �

�� The ��	 spectrum looks similar�
One expects the annihilation rates into 	��� �
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Fig� 	� Angular distributions of the ��� �a� and a�
�
�b� in

the E rest frame� The data are shown with error bars� The
lines are smooth interpolations between the �tted Monte
Carlo data points� The solid lines show the 
�� E contri�
bution ��t B�� the dashed lines the predictions when the

�� is replaced by a ��� of the same intensity�
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Fig� �� ��� mass distributions for events in the E region�
The inset shows the E side�bin subtracted a�

�
region�

��	�	����� and 	��� � �������	�	 to be
equal� Our rates for E decay are indeed compara�
ble but the rate for �� � ����� is lower than that
for �� � ��	�	 	Table ��� The former has� how�
ever� a large systematic error due to acceptance
limitations for charged pions from �� decay which
are emitted with very small transverse momenta�
To investigate possible e�ects on the E analysis
we remove events in both �� regions and repeat
the spin�parity analysis� The intensities in brack�
ets 	Table �� have been normalized to the full data
set 	�
�!��� events� to allow a direct comparison
with �t B� They agree within errors with those
of �t B� This means that the E analysis does not
depend on details of the �� regions�

Further tests were performed by varying the
background description i�e� by including other
chains in �t B� The rates for the E meson were
not a�ected signi�cantly� The �	�
��� was added
and treated analogously to the E	����� This led
to a reduction of S by 
��� The a�	����� decaying
to ���� reported by our collaboration �
��� led to a
reduction of ���� Our data are therefore compati�
ble with these states but we do not consider their
contributions as signi�cant�

Replacing the direct ����	 by an E	�����	

contribution increases S by ��
�� Therefore we do
not reproduce the small E�	 contribution from

�S� that was reported in ref� ���� Introducing
�	����� � ��	 and �	�	 with a width of �
� MeV
instead of the direct ��� contributions increases
S by ���� Replacing the direct ��� by b�	�
��� in�
creases S by ����� Replacing the direct ��� with
the f		����� ���� also increases S by ����� Our
data are therefore not compatible with a contri�
bution from b�	�
��� or f		����� to �����	�	��

The mass and width of the E meson are deter�
mined by running a large number of �ts� varying
mass and width by hand� From �t B we obtain

m	E� 
 ����� � MeV 	��

�	E� 
 ��� �� MeV�

dominated by systematic errors� The total E con�
tribution to �����	�	� is 	���� � ��� � �����
	Fit B� Table ��� The systematic errors are esti�
mated from the stability of the results when vary�
ing the background description�

From Table �� one obtains the ratio

B	E � �	���s�

B	E � a	�� a	 � ���

 �	��� �	�
� �	��	 	��

This is compatible with the corresponding DM

result for their ���� MeV state� ��
� � ���� ����
if we assume that their observed contribution to
������ not proceeding through a	�� is �	�����s�

The branching ratio for pp ������	�	� is
given above 	eqn� ��� Subtracting the contribu�
tions from �	�� and �	�� one �nds 	���� � �����
� which then leads to the absolute branching ratio

B	pp� E���B	E � ���� 
 	�	���	�������	��

where we have taken into account the unob�
served channels 	E � ��	�	��	�	 and 	E �
�����������

The KK� contribution of the E meson in pp
annihilation at rest into KK�� has been measured
earlier ��� 	
	���	
������� We then �nd the ratio

B	E � KK��

B	E � ����

 �	��� �	��	 	���

The presence of an additional overlapping pseu�
doscalar around ���� MeV ������ decaying to
K�K� would� however� modify this ratio� Assum�
ing that a	� contributes ��� to KK� ��� we also
�nd from eqn� � and �

�
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B	a	 � KK�

B	a	 � ���

 �	��� �	��� 	���

while the corresponding MARK III ratio in radia�
tive J�� decay is �	�� �	� for the lowest state in
the � structure ������� Our result eqn��� is in good
agreement with the estimate ���� � ���� deter�
mined from other data �
��� However� the uncer�
tainty in the K�K branching ratio 	��� accord�
ing to ref� ���� is not known and therefore eqn� ��
may have large additional systematic errors� Ul�
timately� the KK� decay channel will have to be
studied with high statistics data from LEAR�

It is also interesting to combine eqn� � with the
MARK III result for �� a�	 	� ������ ���� and
compare with DM
 data� Using eqn� � we predict
from MARK III that B	J�� � �� � �������

 	�	� � �	��� ���� in excellent agreement with
DM
 	�	�� �	��� ���� ����

Summarizing� we have observed for the �rst
time the E meson decaying to ����� and ��	�	

through a		����� and �	���s in pp annihilation
at rest� Our data sample exceeds previous data
in KK� by an order of magnitude� The quantum
numbers of the E meson are de�nitively ���� The
observation of the ��	�	 �nal state implies that
E is isoscalar 	C
���� Mass� width and decay
branching ratios are compatible with those of the
lower state reported in the � structure in radiative
J�� decay�
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