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Crystal Barrel data on �pp � ��� at rest are presented


Mass spectra for 	�� combinations� ��� and ��� and de�

cay angular distributions all di�er signi�cantly from phase

space
 The 	�� mass spectrum agrees closely with CERN�

Munich results
 We present several ways of �tting the data


All agree on the de�nite presence of the f�������� observed

in its ��� decay mode
 It can decay via a ��� or a �� inter�
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mediate state� where �� represents the heavy pion called

������� by the Particle Data Group� and � stands for the

full �� S�wave amplitude


In earlier publications� we have presented evi�
dence for a new I � �� JPC � ��� resonance
f������� decaying to ����� �� and ��� �������� The
N�D method� used in ���� was described fully in
�������� which give further results� In ������� a P�
vector approach was adopted� this method is de�
scribed in detail in ����� A second isoscalar scalar
resonance at a mass of ��������� MeV� decay�
ing into �� and ��� is de�nitely required by the
data� though its width is less certain� In ��� and ���
its width is comparatively narrow �� ��� MeV��
while in analyses based on the P vector approach�
it may also be broad �� ��� MeV� and could be
describing t�channel exchanges ���� ����� There is
evidence in J�� radiative decays for further reso�
nances f������� and f������� �����

Earliest evidence for a I � �� JP � �� reso�
nance at ����� � ����� MeV came from �� data
of Bettini et al� ����� who proposed a resonance
decaying to ��� Later analyses claimed that this
reaction is dominated by one tensor state with a
mass of ���� MeV ����� This was challenged in a
reanalysis by Gaspero� who found scalar quantum
numbers and M � ��������� MeV� � � ��������
MeV ����� The OBELIX group presented similar
evidence for a �� resonance at M � ����� � ���
MeV� � � ���� � ��� MeV� decaying ��� to ��
and ��� to �� in �������� ����� We ourselves
observed a similar resonance at ������ ��� MeV�
with width ���� � ��� MeV� but decaying more
strongly to �� ����� than �� ����� ����� Here we
examine �pp � ��� for the light it sheds on ��
decay modes� since �� ���� is forbidden�

The data have been collected with the Crystal
Barrel detector at LEAR� This detector is well
suited to study the ��� channel� because of its
excellent � detection� Since it has been described
in detail elsewhere ����� only a short summary will
be given here�

A ��� MeV�c �p beam stops in a liquid hydrogen
target at the center of the detector� The target
is surrounded by a pair of cylindrical multiwire
proportional chambers �PWC s� and a cylindrical

drift chamber �JDC�� The JDC is surrounded by
���� CsI�Tl� crystals� pointing towards the target
center� Typical photon resolutions are �E�E �
���� at � GeV� and � � ���� in both polar and
azimuthal angles� The calorimeter is fully e!cient
over ��� of ��� extending in polar angle from ���

to ����� extra photons are vetoed over ��� of ���
The data for the present analysis are taken with

a zero�prong trigger requiring the absence of any
charged particle in either PWC� They are required
to satisfy the following criteria"

� No charged tracks in the JDC
� Exactly �� photons with energy above �� MeV
� Energy of the central crystal 	 �� MeV� to
avoid split�o	s �which mostly have low energies�
� No photons should have maximum energy de�
posit in a crystal adjoining the beam pipe �to
avoid shower leakage�
� Energy and momentum conservation"
��� GeV � Etot � ��� GeV� jPtotj � ���� GeV�

Data surviving these cuts undergo kinematic
�tting to the �pp � ��� �nal state ��C �t� and
in a second step to �pp � ��� and �pp � ����
��C�� In order to separate the ��� and ���� �nal
states� events satisfying both hypotheses are as�
signed to whichever channel gives the better con�
�dence level� weighted according to production
branching ratios� Events are rejected if the con�
�dence level is below �� � or if there is more than
one good �t to the ��� hypothesis�

The ��� sample contains a negligible contami�
nation �
 ��� of non ��� annihilations� A combi�
natorial background due to wrong pairing of the
��� is estimated� by Monte Carlo� to be �� of the
��� sample�

Amongst the accepted ��� events� there is a
clear signal due to ������ followed by � � ����
This signal is rejected by eliminating all events
with ��� MeV 
 m

��� 
 ��� MeV� Further de�
tails of data�processing and event selection are
given in full in two theses ���� �����

Ultimately� ����� data�events are used for anal�
ysis� together with ����� Monte Carlo events sat�
isfying identical kinematic selection� Using the
Monte Carlo simulation to derive the detection
e!ciency� we �nd that the branching ratio for �pp
annihilation at rest to ��� �excluding ������ is
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Fig
 �
 Invariant mass and decay angular distributions of data �shown as points with error�bars� compared to MC phase
space �shaded�
 For a de�nition of the angles� see Fig
 	

������ with a systematic error of ������� This
branching ratio has been checked against �pp �
������ followed by � � ���� We �nd B��pp �
���� � ����� ���� � ����� in good agreement with
our previous determination ��������� ����� using
six photons as �nal state ���� The Dalitz plot for
����� from the ��� �nal states has been checked
against that from �� events� and is in excellent
agreement �����

Mass spectra for ���� ��� and ��� combina�
tions and three decay angular distributions are
shown in Fig� �� All show signi�cant deviations
from phase space �shaded�� Note that the angular
distributions for phase space depart from isotropy
because of acceptance �mostly due to the rejection
of events with more than one good �t to ��� and
the E� 	 �� MeV cut�� We get nearly #at angular
distributions if we accept events with � one good
��� �t� but the combinatorical background then
increases to ���� �����

We consider �rst the �� mass distribution� Fig�
��a�� Compared with phase space� it is biased to�
wards high masses by the �� S�wave interaction�

which reaches a phase shift of ��� around ���
MeV� The �� S�wave has been �tted to �� data
���� ���� and to the �pp� ��� data of ���� It repro�
duces the �� mass distribution accurately in all
�ts� We remark that Svec has proposed a narrow
f������ resonance with a full width of ����� ����
MeV ����� This fails to �t our data� Using it with
a width of ��� MeV� we have carried out full �ts�
and a typical �t to the �� mass spectrum is shown
in Fig� ��

Next we come to the �� mass spectrum� It peaks
around ���� MeV� This cannot� however� immedi�
ately be interpreted as a resonance because of the
large combinatorical background ��� entries per
event�� Finally� in the �� mass spectrum� � en�
tries per event� we observe a peak at about ����
MeV� which suggests the presence of resonances
decaying into ����

The C�parity of ��� is $�� Hence S�state anni�
hilation is possible only from �S�� In view of the
complexity of �� �nal states� and the dominance
of S�state annihilation in liquid� we ignore P�state
annihilation� We drop f������� and a������� from
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 De�nition of the decay angles
 All angles are de�ned
in the rest frame of the decaying particle


the further analysis for the following reasons� The
branching ratio for �pp � f�������� � ��� can
be calculated from the �pp � f��������� chan�
nel in ��� data ���� and the branching ratios of
f������� to ���� and ��� ����� The predicted
f������� � ��� signal is ����� of all ��� data�
Fitting this channel improves log likelihood by
only �� a negligible amount� The a� � �� branch�
ing ratio quoted by the PDG is 
 ����� Again� it
gives negligible improvement in the �t�

We shall �t the following channels to the data�
using the maximum likelihood method"

�pp � f�� � �����

� f�� � ������� �������� ���

� ���� ������

We minimize S de�ned by

S � �� lnL � �N ln

�
MX
i	�

wi

�
��

�
� NX
j	�

lnwj

�
A ����

Here N is the number of data events� M the num�
ber of Monte Carlo events and w is the weight for
the kinematics of a particular event�

The partial wave analysis assumes the isobar
model� Amplitudes A are constructed as

A � F � T� � T� $ permutations�

For the process �pp� f��
�� F is given by a Breit�

Wigner formula with constant width"

Fj�� �
aj�� � e

i�j��

m�
� �m� � im����

� ���
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 �
 	�� invariant mass distribution� using an f������
resonance with a width of 	�� MeV for description of the
�� S�wave �shaded�� compared with data


The index j denotes the two decay chains of ���
and � speci�es the ��� resonance� We have tried
including mass�dependence into the full width� Al�
though numerical values of terms in ��� change�
the quality of the �t alters little� and pole posi�
tions of resonances are stable� For a full discussion
of this issue in a slightly di	erent context� see �����
T� and T� describe the ���scattering ampli�

tudes evaluated at the masses of the ��� subsys�
tems� Several prescriptions have been tried� no�
tably those from ��� and ����� The dependence of
the result on the prescription is not signi�cant�
provided its parameters �t CERN�Munich data
����� For the process �pp � f��

� � ������� �
�������� T� is a relativistic Breit�Wigner describ�
ing the ���

Since we have �ve identical particles in the ��
nal state� the decay chain �pp � f�� � �����
is summed coherently over �� con�gurations� and
the chain �pp � f�� � ������ � �������� over
�� con�gurations� In all �ts we use an incoherent
phase�space background of �� to describe wrongly
paired photons and background from other chan�
nels�

We now discuss �ts to the data� The simplest�
entry � of Tab� �� uses a single scalar resonance de�
caying to ��� The mass and width found for the
resonance are consistent with previous work ����
� ����� However� the ��� mass distribution is not
described accurately� see Fig� �� The description

�
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may be improved signi�cantly when more reso�
nances are introduced�

Since the �� mass spectrum peaks below
f�������� we �rst try a �t with f������� and a sec�
ond f� resonance in the mass range ������ �����
MeV and with a width of ��������� MeV� This �t
is no better than �t � in Fig� �� so it is not shown
in Table �� Next� a close inspection of the �� mass
spectrum shows a slight shoulder above ���� MeV�
We �nd that satisfactory �ts can be obtained by
adding f������� to f������� and f�������� This
resonance is at the limit of phase space and present
data do not determine its mass and width� which
we take from ����� Entry � of Table � shows this
solution�

Below� we shall elaborate on the requirement
for f������� � ���� Entry � of Table � shows
the substantial improvement ����� in log likeli�
hood obtained by adding this decay� but keeping
the masses and widths of f������� and �� �xed�
For the latter� the mass and width are a compro�
mise amongst previous publications quoted by the
PDG� Entry � shows the modest improvement ob�
tained by adding further channels �pp � ��� and
f������� � ��� �� extra parameters in the �t��

The masses and widths of f�������� f�������
are not well determined from ��� data� In addi�
tion to f�������� some component giving a broad
�� mass spectrum is required� Entries � to � of
Table � show �ts obtained by relaxing progres�

Fig
 �
�	 lnL v
 mass �tted to f�������� �a� for �� decays�
�b� for ��� decays
 Full curves are obtained with the com�
ponents of �t � and dashed curves with the components of
�t �
 Both are normalised to � at their minima


sively the constraints on the masses and widths of
�� and f�������� A free �t of �� to present data
gives M � ���� MeV� � � ��� MeV� The �t is
also improved by allowing the width of f�������
to increase to a very large value �	 ����� MeV�
Entry � is a compromise between these alterna�
tives� freeing only ���

We now come to our central point concerning
f�������� De�nite evidence for two decay modes �
�� and ��� � is found� Its decay to �� has already
been reported in J�� radiative decays ����� We
�nd it to be essential here� In addition� we �nd
that� in all �ts� the inclusion of the decay mode to
��� improves � lnL by 	 ���� a highly signi�cant
amount� For one degree of freedom� a change of
� � lnL of � represents one standard deviation�

�
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��� f�������� f�������� f�������� �	 � lnL
m � �� m � �� m � �� ��� �� ���

� � ���� ��� ��� � � �	��

	 � ����y 	��y �
� ����y ���y ��� � �	� � ���
� �	��y 	��y � ����y 	��y ��� ����y ���y ��� ��� ��� � �
�
� �	��y 	��y �� ����y 	��y �� ����y ���y ��� ��� ��� 	�� 
�

� ���� ��
 �	� ����y 	��y 	� ����y ���y 	�� 
� �	� 	�� ��

� ���� ��� �� ���� ���� ��� ����y ���y 
� ��� � � ��
� ���� ��� ��� ���
 ��� ��� ����y ���y 
� ��� �� �� �

 ���� ��� 
� �	�� ���
 ��� ���� ��� �	� �� �� �� �
Table �
Fit�results
 The numbers in ��� �� and ��� columns give the contributions of these decay modes to the ��� �nal state
�without �pp � ����
 ��� means that this contribution is not �tted� �� means this contribution is allowed� but rejected
by the �t
 A �y� means that the parameter is �xed
 Note� that the contributions add up to ��� due to a �� background
contribution
 �	 � lnL is normalised to the best �t� entry 



0

2500

5000

7500

10000

500 1000 1500

m(2π0) [MeV/c2]

0

5000

10000

500 1000 1500

m(3π0) [MeV/c2]

0

2000

4000

6000

8000

1000 1500

m(4π0) [MeV/c2]

0

2000

4000

6000

-1 0 1

cos θ between A and B

0

2000

4000

6000

8000

-1 0 1

cos θ between B(C) and π

0

2000

4000

6000

0 2.5 5

φ between B(C) and π

Fig
 �
 Invariant mass and decay angular distributions of data �shown as points with error�bars� compared to �t � �shaded�


�



Volume ���� number � PHYSICS LETTERS B �� March ����

In order to demonstrate the presence of both de�
cay modes� we scan the mass of the f� resonance�
This is done separately for the two decays modes�
In Fig� ��a�� the mass and width for the ��� de�
cay mode are held �xed� while the mass for the ��
decay mode is varied� keeping the width �xed at
��� MeV� In Fig� ��b�� the reverse is shown" the
mass and width of the �� decay mode are kept
�xed� while the mass for the ��� decay mode is
varied� again keeping the width �xed at ��� MeV�
Both scans give well determined minima at ����
MeV� This is so� regardless of whether we use mass
and width for the f������� and �� from �t � �full
curves� or from �t � �dashed curves�� When they
are taken from �t �� the minima are of course shal�
lower� because of larger interference possibilities�
but they are still signi�cant� If both decays are
scanned together with a single mass and width�
the optimum is even deeper and sharper� Individ�
ual projections of Fig� � do not distinguish be�
tween �� and ��� decay modes� The maximum
likelihood �t� which includes all combinatorics� is
what is sensitive to the presence of both of them�
The quality of the �t to projections is shown in
Fig� �� It is indistinguishable by eye between �ts
� � ��

The contribution of each channel to the ��� ��
nal state are given in Tab� �� However� one cannot
immediately deduce branching ratios from these
numbers� There is an important subtlety in de�
termining branching ratios for resonance decays�
In Tab� �� there are strong interferences between
the resonance and the spectator� As an example�
f������� may be formed between �ve combina�
tions of pions numbered ����� ����� ����� ���� or
����� These all interfere� For a resonance decay�
ing freely� i�e� away from the spectator pion� the
interferences with the spectator are absent� Tak�
ing as an example an f� resonance between par�
ticles ���� decaying only to �� for simplicity� the
required cross�section d������d% is

d�����
d%

� jT��T�� $ T��T�� $ T��T��j
�jF j�� ���

where T�� is the � amplitude for particles � and �
and F is the Breit�Wigner amplitude for the res�
onance in question� This expression includes all
interferences between these four particles but ex�

f������� f������� f�������
�t � �� � ��� � ���

� ��
�� �
�� ��
��
� 	�

� �
�� �	

�
� 

�� �
�� ��
	�
� 	
�� �
�� ��
��
� 	
	� �
�� ��
��

 �
�� 	
�� ��
��

��	
���
���
Table 	
Branching ratios for f�������� compared to �pp � ����
where interferences with the spectator are ignored


cludes interferences with particle �� We have like�
wise included interference with the decays f� �
��� amongst particles ���� For the �ve resonances
possible in the �nal state� the cross section is
� 
 d������d%� In �pp � ���� the corresponding
cross section is �
d����d%� where the latter quan�
tity describes the resonance decaying into ����

via particles � and �� This approach to computing
branching ratios is di	erent to that used in our
earlier publications� refs� ��� � ����

With the new arithmetic� the branching ratios
for f������� are given in Tab� � for several �ts� In�
dividual channels show quite a large scatter� There
are strong interferences between �� and ��� and
the �t is able to shift amplitudes between these
decay modes to some extent� The sum including
these interferences� shown in the �nal column of
Tab� �� is more stable" ������ � ������ 
 �����
The branching ratio for all charge states from
�� is a factor � larger� For f������� � ���
the corresponding �gure ��� from our ��� data is
������� ������
 ����� Hence

r �
B�f������� � ���

B�f������� � ���
� ���� ���� ���

here B�f������� � ��� means ���decays not pro�
ceeding via ���

In conclusion� we have analysed the reaction
�pp� ��� at rest and found that the data are dom�
inated by ��� scalar resonances� This scalar ���

intensity has a more complex structure than pro�
posed in earlier analyses ���� � ����� We �nd two
alternative ways of �tting the data� one using a
very broad scalar resonance� which could represent
t�channel exchanges� The other alternative uses
f������� with M � ���� MeV� � � ��� MeV� from
����� The existence of a narrow f������� cannot

�
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be extracted reliably from present data� a reanal�
ysis of the ������� data is in progress� The most
distinctive feature is the presence of f�������� It
decays to �� and ��� with similar intensities� but
the two decay modes interfere and fractional con�
tributions are not precisely de�ned� The mass and
width of the f������� are compatible with earlier
measurements� but less accurate� The parameters
of the ��� resonance with quantum numbers of
the pion are M � ���� MeV� � � ��� MeV� if left
free�
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