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Abstract� We have determined branching ratios for antiproton annihilations at rest on protons or neutrons
in liquid deuterium which we compare to frequencies of isospin	related processes in antiproton	proton
annihilations� Using the annihilation rates into �
�
 and ���
 where the annihilation took place on the
proton or neutron� respectively� we discuss the fraction of S	wave and P	wave annihilation in liquid D�� The
frequencies for ��� and ���
� and ��� and ���� and the corresponding frequencies for pp annihilations
are used to determine isoscalar and isovector contributions to the protonium wave function� The isospin
decomposition of the annihilating pp system in the �S� or �S
 state is consistent with both� pure pp
initial wave function and with the predictions of NN potential models� For the �P
 state of the pp atom
we �nd consistency with a pure pp system at annihilation while NN potential models predict large nn
contributions�
We observe �	� interference in pp� ����� and �����
 annihilation which we compare to �	� interference
in e�e� annihilation� The interference patterns show striking similarities due to similar phase relations� the
interference magnitude depends on the �	� production ratio� The similarity of the phase in all � data sets
demonstrates that isovector and isoscalar parts of the protonium �pp atomic� wave function are relatively
real� again in con�ict with NN potential models�
The annihilation rate for pd�K�K
p con�rms the dominance of the isovector contribution to NN� KK
annihilations� No complications due to initial state interactions are required by the data� Furthermore� we
searched for narrow quasinuclear bound states close to the NN threshold� also predicted by NN potential
models� but with negative outcome� We conclude that NN potential models are not suited to provide
insight into the dynamics of the annihilation process�
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� Introduction

It is well known that antinucleon	nucleon interactions are
intimately related to nucleon	nucleon interactions ��� The
same mesons responsible for NN interactions also create
NN interactions� the only di�erence is a sign change of the
interaction potential when the G	parity of the exchanged
meson is negative� The role of � exchange was demon	
strated explicitly at LEAR ��� even the N� coupling con	
stant could be derived from pp�nn charge exchange scat	
tering� Thus the concept of meson exchange as input to
models of NN interactions seems to rest on healthy foun	
dations ���

Yet NN potential models make a number of further
predictions which can be tested experimentally� Two of
them concern strong interaction e�ects in the protonium
�pp� atom� Strong interaction shifts and widths had been
predicted �� long before the quantities were determined
experimentally ��� Excellent agreement between model
predictions and experimental results was observed� How	
ever� NN potential models also predict that initial state
interactions in the pp atom lead to a signi�cant isospin
distortion of the wave function� to a sizable nn component
in the protonium wave function ��� Experimentally� this
e�ect was con�rmed but only with �	standard	deviation
signi�cance ���

The most striking consequence of NN potential models
was the prediction of long	lived NN states� These quasi	
nuclear �deuteron like� states are a direct consequence of
the reversal of the repulsive core in NN interactions into
very strong attraction in the NN system ����� We now
know that narrow quasinuclear bound states do not exist
���� Yet there might exist broad quasinuclear NN states�
The f�������� also known as AX������ ���� which does
not �t well into any qq nonet has been interpreted as
such a state ���� If this is indeed the case� its width of
��� MeV would predict rather larger widths for most NN
bound states� Only loosely bound states close to the NN
threshold should then still have narrow widths�

In this paper we report on studies of antiproton nu	
cleon annihilation by stopping antiprotons in a liquid deu	
terium target� Annihilation in D� o�ers � in comparison to
annihilation in H� � additional possibilities which we have
investigated� In particular the discussion of pn annihila	
tion frequencies and their relation to the corresponding
pp frequencies o�ers additional insights� We also report
on a search for narrow quasinuclear states just below the
NN threshold by measurements of the recoil momentum
distribution of nucleons in pd annihilations� This method
is particularly sensitive to the existence of quasinuclear
bound states with binding energies of less than the pion
mass which are not easily accessible using other methods�

� Annihilation frequencies for pd annihilation

into two mesons and a nucleon

��� Data and data reduction

The data were taken with the Crystal Barrel detector at
the CERN Low Energy Antiproton Ring LEAR by stop	
ping ��� MeV�c antiprotons in a liquid deuterium target�
Details of the detector are given elsewhere ���� here we
give a short outline only of its main components� These
are a barrel of ���� CsI crystals measuring energies and
directions of �	rays with nearly �� solid angle coverage�
two proportional chambers and a JET drift chamber with
�� layers in which charged	particle tracks are identi�ed
and their curvatures measured in a ��� T homogeneous
magnetic �eld� Spectator protons have mostly small mo	
menta and do not reach the wire chambers� Therefore�
annihilation on protons mostly leads to an even number
of tracks� annihilation on neutrons to odd numbers�
The data presented in this paper were taken with three

di�erent types of triggers� a one�prong trigger was used in
which exactly one long track was required showing a �rst
hit in one of the � inner drift chamber layers and a last hit
in one of the � outer layers� A second trigger called zero
prong trigger selected events with no charged particles in
the proportional chambers� We also used a minimum bias
trigger to record events in which antiprotons entered the
D� target� these data were used for normalisation� Events
with a pile	up �ag indicating that two antiprotons en	
tered the target within the JDC drift time were rejected
for all trigger types� We de�ne long tracks by the follow	
ing requirements� a minimum of �� hits should belong to
the tracks� the �rst hit has to be in one of the �ve inner
chambers� the last hit in one of the �ve outer layers�
We �rst discuss annihilation on neutrons� i�e� events in

which the number of tracks is odd� We select events �from
the one prong and the minimum bias data� with exactly
one or exactly three long tracks with a total charge of 	�
and with at most four photons� The missing mass square
was calculated

MM� � �Epd �
X

Ei�
� � �

X
pi�

� ���

with the sum extending over all seen charged and neutral
particles� and it was required that the missing particle had
a mass consistent with that of a proton�

jMM� �m�
pj � ��� GeV

� ���

Monte Carlo simulation showed that this cut does not lead
to signi�cant losses in the number of good events� But the
cuts are su�cient to identify the signals and to keep the
background at an acceptable level�
Fig� � shows the invariant mass distributions for dif	

ferent types of events� �a�b�c� show the �� distribution
around the �
� � and �� mass� There are two spectra iden	
tifying the reaction pd����p� Fig� �d� and �e� show the
�
� and �����
 invariantmass spectra for one	prong and
three	prong data� The three	prong results are from mini�
mum bias data and hence of smaller statistical accuracy� In
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�f� the �
�
 invariant mass for one	prong data is shown� A
signal due to K


s mesons in their ��

 decay mode is clearly

seen� Similar spectra but with reduced statistics are ob	
tained using theminimum bias data� The ���
 event rates
in Fig� �a and in the corresponding plot extracted from
minimum bias data are used for normalisation�

For annihilations on protons we select events with �
or � ��s and no charged particles� Energy and momentum
conservation is imposed by a kinematic �t and compat	
ibility of two pairs of photons with the �
 or � mass in
a kinematic �t with three constraints� Thus the three	
momentum of the neutron is determined� The data show
prominant signals from pd��
�
n and �
�n� Their fre	
quencies were determined in ���� For events �tting the
�
�
� neutron or ��
� neutron hypothesis we show in
Fig� � the �
� invariant mass distribution� the � contri	
butions are determined from these �gures� The signals are
extracted from the minimum bias and from the zero prong
data� those shown are the signals from the zero prong
data�
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Fig� �� Invariant mass distributions showing reactions

pd � proton � ���
� ���� ����� ��� with � � �
� and

� � �����
 and K�K
� See text for details�

In order to determine branching ratios we simulated
the corresponding reactions by Monte Carlo� The simu	
lation requires knowledge of the proton momentum dis	
tributions which are partly not measured since high mo	
mentum protons are vetoed by the trigger� Therefore� we
have used related neutron spectator distributions which
can be determined from zero prong data for all neutron
momenta� The proton momentumdistribution in the reac	
tion pd����p is thus assumed to be identical to the neu	
tron momentum distribution in the reaction pd��
�n�
The latter is obtained from a kinematic �t imposing en	
ergy and momentum conservation� two �
 masses and the
�mass �� constraints�� Simulated events undergo the same
analysis chain as real data� they serve to de�ne detector
response functions and the detection and reconstruction
e�ciencies� The response functions are then used to �t the
experimental data� Data and �t are shown in Fig� � and
Fig� �� the number of events and their reconstruction e�	
ciencies in their respective decay modes are listed in Table
�� Contributions from competing channels to the signals
in Fig� � are negligible�

Reaction decay events e�ciency data

pd� Nevents �r

�
�
�
�p �� ����� ��� 
���� 
�
� min bias

����p �� �	���� ���
 
���� 
�
� one prong

���p �� ���	� ��
 
���� 
�
� one prong

����p �� �
�� �� 
���� 
�
� one prong

���n ��� ��

� �

 
���� 
�
� zero prong

��n ��� �	

� �

 
���� 
�
� zero prong

���p ������ ���� �

 
�
�	� 
�
�� min bias

���p ��� �
�� �� 
���� 
�
� min bias

K�K�p ���� ���
� ��� 
����� 
�
� one prong

Table �� Number of events assigned to speci�c reactions and
their respective detection e�ciencies�

��� Annihilation frequencies

Annihilation frequencies for speci�c reactions are derived
by use of the relation

BR �
Nevents

�reconstruction�decayNpd
���

where the decay frequencies of the detected mesons into
the observed �nal state �decay are taken from ���� The
error in Nevents is the statistical error of the �t� the error
in �reconstruction includes the error in their construction
e�ciency and in the uncertainty of the momentum distri	
bution of the surviving nucleon�
The determination of the numbers of antiproton an	

nihilations in D� for the three data sets is di�erent� In
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Fig� �� Invariant �
� mass distributions from pd�neutron
plus �
�
� �a� and ��
� �b�� respectively� See text for details�

case of the minimum bias data it is given by the num	
ber of events recorded on tape corrected for antiprotons
stopping in the entrance window� This fraction depends
on the de�nition of the vertex �by �� � or � tracks� and
is di�erent for di�erent run periods� Its values vary from
���! to ���!� Since it is unknown if antiproton stopping
in the entrance counter contribute to the signal� we apply
a correction of ����� � ����� to the number of recorded
events� The number of antiproton stops Npd in the one
prong triggered data sample is determined by normalizing
the number of ���
p events to the minimum bias data�
for the zero prong data Npd is found by normalising the
number of �
�
n events to the branching ratio for the lat	
ter reaction which has been determined before ���� We
�nd�

Npd�min bias� � ������ ����� � ���

Npd�one prong� � ������ ���� � ���

Npd�zero prong� � ������ ����� � ���

From the numbers given above we derive annihilation
frequencies which are listed in Table � and �� For the re	
action pd����p we get � numbers� one for ���
� and
one for �������
� The two respective values� ����� �
����� � ���� and ������ ����� � ����� are compatible and
we list the mean value�
In Table � we compare some of the branching ratios

for pn annihilations with values reported elsewhere� For
this comparison we have multiplied our branching ratio
by a factor of � to account for annihilation on protons�
The agreement between the di�erent results is fair� Note
that our value was determined without cut on the pro	
ton momentum� in contrast to the other analyses� Table
� includes frequencies which have been determined before
������ and relevant branching ratios for pp annihilation at
rest ����� which will be used in the discussion presented
in the next section�

� Interpretation

��� S� versus P�capture in pd annihilations

Antiprotons stopping in liquid D� form pd atoms� As in
the case of H�� annihilation occurs from states with large

pn���� pn����� pn�K�K�

��� ��� � � �
 ����� ���

��� ��� ��

��� ��
� �


��� �
� �


��� �
�� �	

��� ���� �� ��� �


�	� ��� ��

this work ���� �� ��� �
 ����� ���

Table �� Comparison of branching ratios in pd annihilation
determined here with previously reported values� The ratios
are multiplied by a factor � to account for annihilations on
neutrons� All frequencies are given in units of ����

principle quantum numbers n and small angular momenta
l� We consider l � � and l � � only� The total spin of the
pd system may be j � ��� or j � ���� The antiproton an	
nihilates on the proton or neutron� The annihilating pN
system may be in a relative S	wave with L�� or in a rela	
tive P	wave with L��� As was pointed out by Bizzarri et
al� ���� S	 and P	wave annihilation may occur from l � �
states of the antiprotonic deuterium atom� If L and l are
di�erent the spectator particles carries the additional an	
gular momentum� Often� annihilation frequencies are de	
termined after applying a cut on the momentum of the
spectator particle� The fraction of S	wave and P	wave an	
nihilation depends� however� on the spectator momentum
and hence on the spectator momentum cut�
Con�icting results have been obtained on the fraction

of P	wave annihilation for antiprotons stopping in liquid
deuterium PLD� possibly due to the use of di�erent spec	
tator momentum cuts� In ��� it was suggested that the
fraction of P	wave annihilation in liquid deuterium can
be determined from the frequencies of pd annihilations
into two pions� The P	wave fraction was determined from
pN annihilations into two mesons and using charge in	
dependence of strong interactions� The frequency of the
reaction pd�����n� fLD�

�����n�� may be split into an
S	wave contribution and a P	wave contribution� The reac	
tion pd � ���
p is allowed only from the S	wave in the
antiproton	neutron subsystem� Isospin invariance requires

fLD�	S�wave��
���n� �

�

�
� fLD�

����
p� ���

pd� �
�
n is only allowed from P	wave in pp� Isospin
invariance now predicts that

fLD�	P�wave��
���n� � � � fLD�

��
�
n� ���

The total ���� frequency in deuterium is given by the
sum of S	wave and P	wave annihilation�

fLD�
�����n� �

�

�
� fLD�

����
p�  � � fLD�
��
�
n� ���

The left hand side was determined to be ���� ��� � ����

in ���� we �nd ������ ���� � ���� for the right hand side�
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pN initial state Reaction frequency Ref� Reaction frequency Ref� Reaction frequency Ref�
�s��LJ pp � pd � pd �
�S� ���� ��
� �� ��� ����n ��� � ��� ���
p ���� ���
�P
 �
�
 ���� � ���� ��� �
�
n ����� ���� ��� 	
�P
 �
� ���� ��� ��� �
�n ����� ��� ��� ���p ���� � ���
�P
 �
�� ��� � ��� ��� 	 ����p ���
 � ���
�S
 ���� ���� ��� �� 	 ���
p ���� �� ���
�S� �
� ����� ��� ��� �
�n ��
� ��� ���p ����� ���
�S� �� �� � ��� ��n ���� 
� 	

�s��LJ pp � pp � pd �
�S� K�K� ��� ��� ��� K


sK



l 
��� ��� ����� K
K�p ���� ���

Table �� Isospin relations in pN annihilation� The dominant initial state is given as �s��LJ � contributions from other channels
are at the �� level or forbidden� All frequencies are given in units of ���� If no reference is given� the branching ratio is
determined in this work� Derived values for S	state only are given for the reactions pp � ���� and pp � K�K� � the P	state
contribution is subtracted �see �����

In previous experiments� the P	wave contribution was de	
termined using ��� from the ratio

r � fLD�
����
p��fLD�

�����n� ���

which was measured to be ��������� ���� ��������� ����
��������� ��� and ��������� ���� In this experiment� the
S	wave and P	wave part are measured directly� We obtain

PLD�

SLD�
�PLD�

�
� � fLD�

��
�
n�
�
� � fLD�

����
p�  � � fLD�
��
�
n�

���

� ���� � ����
and r � ����� �����
However it has been pointed out ���� that r and equ����

determine the fraction of the reaction pd�����n which
proceeds from P	states� not the fraction of P	state anni	
hilation in pd interactions at rest�
An absolute estimate of the P	wave annihilation frac	

tion can be derived by comparing the frequencies for an	
nihilation into �
�
 in liquid H� and liquid D�� If the P	
wave fractions were the same� the frequency in D� should
be �

� ����� � ��
��� This is not the case� the �
�
 frequency

exceeds this value by the ratio � � ���������� In H� the P	
wave fraction is ������! ���� Hence we expect a P	wave
fraction of ������!� The same argument can be used for
the �� and ��� �nal states from which we derive a P	wave
fraction of ���� ���!�
In any case the P	state fraction fP�liq� does not cor	

respond to the fraction of antiproton deuteron annihila	
tions in which the antiproton has unit orbital angular mo	
mentum l � � with respect to the deuteron� Instead� it
refers to the angular momentum state of the annihilating
pN system� The reaction pd�	
�������
 is e�g� allowed
from S	wave orbitals of the pd atom �with l � ��� and
the 	
 may nevertheless decay into �
n� The ��
 thus
observed in the �nal state re�ect L�� between antiproton
and proton at the time when annihilation occurred� The
frequency for pd��
�
n �which identi�es P	states in the

pp subsystem� thus depends not only on the fraction of
antiprotons annihilating from P	wave orbitals of the pd
atom but also on the probability of formation of nucleon
resonances and of rescattering pions from annihilation o�
the surviving nucleon� A cascade calculation has shown
��� that the contributions of S and P angular momen	
tum states of the proton with respect to the proton or
to the deuteron� respectively� in pp and pd atoms are the
same� An increase in P	state capture probability in D�

can therefore be expected due to the additional chance
of antiprotons stopped in D� to be captured from S	wave
orbitals of the atom but in a P	wave angular momentum
state between the antiproton and annihilating nucleon�
These arguments were previously discussed by Bizzarri
and collaborators ��� but with fewer and less precise ex	
perimental results� A detailed discussion on S	state and
P	state capture in pd annihilation can be found in ����

��� The isospin structure of the protonium wave
function

Now we turn to a discussion of initial state interactions�
The wave function of antiprotonic hydrogen atoms is pre	
dicted to have an interesting isospin structure� at large
distances the protonium wave function is entirely given by
the Coulomb �eld between proton and antiproton which
preserve their identity� At smaller distances pion exchange
starts to play a signi�cant role� and the protonium wave
function may acquire some nn component� Hence initial
state interactions may change the pp wave function into
a linear superposition of pp and nn contributions� This
e�ect had been proposed by Kaufmann and Pilkuhn ����
a detailed study can be found in an article by Carbonell�
Ihle and Richard ���
Initial state interactions thus lead to a mixture of isospin

I � � and I � � components of the protonium wave
function with a priori unknown complex strengths a�r�
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Initial state Theory �� from ref� �� this work

�S� 
��� 
��� 
�� 
��������
�����


��
�����
�����

�S� ���� 
�	� ���� ���������
�����

���������
�����

�P� 
�
� 
�
� 
�
�� ����� 
��� 
��������
�����

Table �� Ratio of isovector to isoscalar fraction of the pro	
tonium wave function for various initial states �s��LJ � The �
theoretical values correspond to di�erent NN potentials�

and b�r��

jpp�r� 
�
�p
�
� �a�r�jI � 
	 I� � 
 
 �b�r�jI � �� I� � 
 
� �	�

In the absence of initial state interactions a�r� � b�r� � ��
independent of the NN separation� In general� we have
ja�r�j�  jb�r�j� � �� Within a potential model of NN in	
teractions with a phenomenological annihilation potential
we may de�ne global isospin components by integrating
a�r� and b�r� over the NN density folded with the annihi	
lation potential�

a �

Z
a��r�
��r�Vann�r�a�r�
�r�d�r ����

The global isovector fraction is de�ned in an equivalent
way� Due to annihilation� the isospin structure constants
a�r� and b�r� can be complex� they depend on the quan	
tum numbers of the initial states from which annihilation
occurs� In Table � we give a list of values for jbj��jaj� � �
for various initial states calculated using di�erent NN po	
tentials� We also quote the results of a �rst attempt to
determine the global strength of initial state interactions
from data on pp annihilation into two mesons� and give
the results obtained here�
The values are derived as follows� The branching ratio

pd���� de�nes the strength of the transition operator

BR�pd� ���p� �
�

�
T �
�� ����

The factor ��� accounts for the Clebsch Gordon coe�cient
for p annihilating on the neutron� In annihilations on the
proton� the expected rate is reduced since the pp wave
function comprises an isospin	zero part� Hence

BR�pd� �
�n� �
�

�
b�T �

�� ����

Neglecting losses due to �
 or � inelastic scattering o� the
neutron we can relate the branching ratio in ���� with

BR�pp� �
�� �
�

�
b�T �

�� ����

Thus we obtain� using the branching ratios of Table ��
b� � ���� � ���� �from �������� and b� � ���� � ����
�from �������� giving a weighted mean of b� � ����������
The corresponding number for �S
 is derived from the ��

frequencies� The branching ratio for pp����� is smaller
than that for pd����
p resulting in b� � ����� �����
We notice �see Table �� good agreement between the

theoretical prediction and the two experimental determi	
nations using di�erent branching ratios �in �� no deu	
terium data were used�� However� in both cases� predicted
and measured isoscalar and isovector parts of the pp wave
function in the �S� state have about the same size� thus we
can conclude that initial state interactions are not needed
but are also not excluded by data� The e�ect of initial
state interactions in both levels is too small to allow dis	
criminating conclusions�

The e�ect of initial state interactions is much more
pronounced in atomic P	states� hence the e�ect can be
studied much better� First we notice that pN annihilation
into �� or ��� proceeds dominantly via the �P
 state and
not via �P�� The preference for �P
 is due to the larger
hadronic width of this state �� and leads to an enhance	
ment of the P capture rate for �
�
� �
� or other rates for
annihilation into � neutral pseudoscalar mesons� On the
other hand� the predicted �b�a�� is between ���� and �����
�� implying that BRpp���� and BRpp����� � which pro	
ceed via the �supposedly small� isovector component of the
protonium wave function � should be much smaller than
BRpd����p� respectively� This is evidently not the case�
Replacing the � by an � in ���	��� we �nd b� � ��������
�from �������� and b� � ����� ���� �from ��������� From
��� production we deduce b� � ���� � ����� The results
are not consistent but certainly not very small� Scaling the
errors to enforce compatibility results in a weighted mean
of b� � ����� ���� in disagreement with values obtained
from NN potential models but still in ���� agreement with
the assumption of no initial state interactions�

We have neglected the role which the fraction of S	state
and P	state capture may have on the determination of b��
This is likely justi�ed in case of �� or �� production since
these decays are allowed from S	 and P	states� But this
must be wrong in the case of �� or ��� production which
is forbidden in S	state annihilation� The P	state fraction
does not in�uence the ratio ������� where we compare
two reactions in D�� But it does change the ratio �������
since P	state capture is larger in D� than in H�� Using the
results from section ��� we estimate b� � �� We conclude
that there is no experimental evidence for a large role of
initial state interactions for NN annihilation as predicted
from NN potential models�

We recall here that �	� interference observed in
pp������ ��� and pp������
 ��� also provides evi	
dence for the assumption that the initial state in NN an	
nihilation is not a�ected by meson exchange processes� In
Fig� � the respective ���� mass distributions are com	
pared to the distribution obtained from e�e������ an	
nihilation� Interference of � and � is clearly observed in
all three reactions even though the shapes look di�erent�
This is due to the di�erent ��� production ratios� These
are ���� for e�e� fromvector meson dominance����� for
pp��
����� and ���� for pp�������� Surprisingly� the
phase of the interference is nearly identical� In e�e� anni	
hilation the phase is given by vector meson dominance and
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Fig� �� Invariant mass distributions of ���� from e�e�

annihilation �top�� from pp������
 �middle� and from
pp������ �bottom��

is nearly real ���� In pp annihilation there seems to be no
additional phase between the isovector and isoscalar com	
ponents� NN potential models suggest an additional phase
because of di�erences in the �I��� and �I��� annihilation
potentials ���

��� A dynamical selection rule in NN annihilation into
KK

In Table � we collect the branching ratios for NN�KK�
Assuming that the pp wave function is given by ��� with

pp�K�K� �

�
�jA
j

� � jA�j
�� �Re�A
A

�
��

pp�K

sK




l
�

�
�jA
j

� � jA�j
�� �Re�A
A

�
��

pd�K
K�p jA�j
�

a�b��� then A
 A� are the isoscalar and isovector ampli	
tudes for pp annihilation into KK�
The data are compatible with A
 � �� hence with the

assumption that the isoscalar part of the pp wave function
does not couple to the KK �nal state� This is a striking
dynamical selection rule which so far has found no expla	
nation in NN potential models� Within SU��� it can be
related to a general dynamical selection rule observed in
pp annihilation at rest into KK or KK�  charge conju	
gate ����

�S� pp�K�K� ��� ���
�S� pp�K


sK



l 
��� ���
�S� pd�K
K�p ���� ���

Table �� Branching ratios for pN annihilation into KK� The
frequencies are given in units of ����

� Search for quasinuclear bound states

One of the most spectacular results of NN potential mod	
els is the prediction of � possibly narrow � quasinuclear
bound states ����� The initial experimental evidence ���
faded away when LEAR started to allow high	precision
experiments with antiprotons at rest ��� or in �ight ����
��� The interest was renewed when the Asterix collabora	
tion reported a new isoscalar tensor state� the AX�������
which coupled strongly to NN� which was not seen be	
fore in non	NN experiments and the mass of which agreed
nicely with NN model predictions� The state was identi�ed
with a tensor state seen in pn������� by Kalogeropou	
los and collaborators �but at a mass of ���� MeV� ��� and
interpreted as quasinuclear bound state ���� If this meson
is indeed a quasinuclear bound state� NN potential mod	
els predict a series of further states� These are a scalar
and a vector meson� lower in mass than the AX�������
and a number of states clustering at about twice the pro	
ton mass� The two low	mass quasinuclear states should be
much broader than the AX������ and may thus be unde	
tectable� The NN states near to the NN threshold however
are loosely bound and should thus be narrow� On the other
hand� states close to the NN threshold cannot be produced
in annihilation if their mass MX is larger than �Mp	m��
Such states can however be produced in reactions like

pd� X  N ����

where X is a bound state and N represents the recoiling
nucleon� The momentum spectrum of spectator nucleons
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Fig� �� Momentum distribution of the spectator neutron Fig� �� Momentum distribution of the spectator neutron

for pd� k�
 neutron� for pd� � k�
 neutron�

for k�� �medium line thickness�� k�� �thick�� for k� �medium line thickness�� k�� �thick��

k�� �grey shaded�� k�� �thin�� k�� �grey shaded�� k�� �thin��

shows a characteristic shape in these reactions which re	
�ects the Fermi motion of nucleons in deuterons� However�
high momenta also occur due to �nal	state interactions or
due to the production of resonances� A quasinuclear state
should manifest itself as a peak in the momentumdistribu	
tion if the annihilation process proceeds via the formation
of an intermediate NN state recoiling against the residual
nucleon�
We have searched for quasinuclear bound states close

to the NN threshold for momenta of the spectator neu	
tron of � ���� MeV�c� In case of resonances close to this
threshold� the peak falls into the region of the Fermi mo	
mentum and a deviation from the expected distribution
should give evidence for the new state� Such states very
close to the NN threshold have been claimed by di�erent
authors �������������
The zero prong data sample were used for this search�

Events with �� �� � and �� ��s underwent a kinematical �t
to the �k��n hypothesis imposing energy and momentum
conservation� Fitting the neutron momentum as an un	
measured quantity� energy and momentum conservation
provides one constraint ��C�� ������ events passed the
�t with �! con�dence level� These data were subject to
further kinematical �ts using the masses of the �
 and �
as additional constraints� Events are selected with a con	
�dence level � ��!� respectively� Events having a large
probability to belong to background channels are rejected�
Table � lists the number of events for the reactions con	
sidered� their reconstruction e�ciencies and the branching
ratios� The reconstruction e�ciency �r depends on our

knowledge of the true neutron recoil momentum distri	
bution� This uncertainty dominates the error in �r which
we estimate to be ��! of its magnitude� We compare the
annihilation frequencies of Table � for pp annihilation in
deuterium with those obtained in hydrogen� We expect the
frequencies in pd to be smaller by a factor � due to the
additional possibility of pn annihilations� In some cases
�in particular in pd��
�
n and pd��
�n� the frequency
in deuterium is much larger� This is due to a large prob	
ability to form nucleon resonances ����

Figures � and � show the momentum distributions of
the recoiling neutron for the di�erent reactions� The dis	
tributions are normalised to ����� for the k�
and to �����
for the ��k�
� events to facilitate the comparison� A quasi	
nuclear bound state will have a de�ned G	parity which can
be determined from the number of pions into which the
resonance decays� Hence we expect systematic di�erences
between even and odd number of pions�

The dominant resonance NN������ as predicted on the
basis of the ASTERIX data ��� should manifest itself by
showing a signature in decay channels with an odd num	
ber of pions whereas decay channels with an even number
of pions should have no signature from that state� Figure
� obviously does not give evidence for such a resonance�
at least not at the level observed in the ASTERIX experi	
ment� It should be noted that the claim for the NN������
was based on a comparison of the measured proton mo	
mentum distribution with the calculated distribution� The
measured distribution was broader� Probably� the di�er	
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pd � �nal state Constraints Nevents �r BR pp � �nal state BR

��
 � n ��C� ��
�� �� ������ ����� ���� ��
 ��
 ��� � ��� ���

��
 � n ��C� ���� � �� ����� � ����� ��� ��� ��
 �� � �� ���

��
 � n ��C� ������ ��� ������ ����� ����� ��
 ��
 ����� ��� ���

���
 � n ��C� ����� �� ������ ����� �
��� ��� ���
 ����� ��� ���

��
 � n ��C� ����
� ��� ����� ���� ����� ��� ��
 ����� ��� ����

���
 � n ��C� ���� 
� ����� ���� �� �� ���
 �

��
 � n ��C� �
���� �� ������ ����
 ���� ��� ��
 ����� ��� ����

���
 � n ��C� ���
� �� ������ ����� ��
� ��� ���
 ����� �� ����

Table �� All frequencies are given in units of ����

ences were due to the neglect of the experimental resolu	
tion in ����
We notice that the �� and �to a lesser extent� the ��

momentum distributions have higher intensities at large
momenta than the �� and �� have� We believe that this
e�ect re�ects di�erent probabilities for S	state and P	state
capture� Annihilation into ��
 is strictly forbidden from
pp in S	states� annihilation into ��
 is not absolutely for	
bidden from S	states but requires a rather complex cas	
cade �like pp � �
a������� a������� � �
f�������
f������� � ��
�� P	state annihilation of the pp system
is allowed from S	wave orbits of the pd atom� the neu	
tron and the annihilating pp system have then one unit
of angular momentum too� which implies a preference for
large momenta of the surviving neutron� This conjecture is
con�rmed by the momentum distributions with � mesons�
Again� the distribution with large intensity at high neu	
tron momenta� the distributions from pd��
� and
pd���
�� are forbidden or rare in annihilation from the
pp system in S	state� We conclude that the di�erent shapes
of the distributions for even and odd numbers of neutral
particles are likely to be due to di�erences in the S	 and
P	capture probabilities� Also rescattering of pions o� the
spectator nucleon is likely to play an important role� How	
ever� there is no evidence for contributions from bound
quasinuclear states�
In order to derive upper limits for the production of

narrow states� we simulated by Monte Carlo a narrow ���
MeV� resonance NN������ leading to a recoil momentum
of ��� Mev�c� We add the Monte Carlo spectrum to real
data in Fig� �� A �t identi�es the resonance contribution
clearly with �� or more as long as the yield is larger than
� � ����� In the data we do not �nd a peak at this level�
We conclude that no quasinuclear bound NN states were
produced in any of the reactions� at least not with a yield
exceeding � � �����

� Summary and conclusions

NN potential models make a number of predictions which
have not yet been thoroughly tested so far� In particu	
lar we searched for a nn component in the protonium
wave function at annihilation which is predicted to de	

velop when antiprotons and protons have atomic orbits
with su�cient overlap to allow annihilation� A compari	
son of annihilation frequencies in H� and D� did not show
evidence for this e�ect� NN annihilation into KK as well
as �	� interference seem to favor an isospin decomposi	
tion of the protonium wave function into two components�
I � � and I � �� which are of equal strengths� their am	
plitudes are relatively real or at least have no large phase
di�erence� While these two observation are not necessarily
in direct con�ict with NN potential models �since precise
predictions have not yet been made� these observations
are nevertheless easily understood in terms of SU��� rela	
tions ���� We also �nd no evidence for narrow quasinu	
clear bound states close to the NN threshold� This again is
in con�ict with predictions of NN potential models�We are

Fig� �� Measured momentum distribution of
pd� ��
 � neutron with an additional NN �
��� reso	
nance
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aware� however� that evidence for a NN	like state at ����
MeV was reported in several experiments� a summary is
given in ����

NN potential models were very popular at a time when
the existence of narrow quasinuclear bound states and res	
onances had been claimed by many experiments� the mod	
els gave ample evidence that such states could exist and
had even been predicted� When LEAR came into oper	
ation� the evidence for narrow states was quickly thrown
into doubt� Scattering and annihilationwere then the chal	
langes which meson exchange models faced� often success	
fully as demonstrated in the calculation of the strong in	
teraction shift and widths of pp atoms or in the success	
ful determination of the pion nucleon coupling constant
in the forward charge exchange reaction pp�nn� But the
success of NN potential models is certainly limited� and
predictions have often failed� For example� the predicted
isospin distortion of the protonium wave function due to
pion exchange was not con�rmed here� It seems to us that
NN potentials govern the very peripheral part of NN in	
teractions� Annihilation� on the other hand� is not a soft
process� It does not belong to the realm where protons and
antiprotons may be considered as fundamental particles�
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