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Abstract

Measurements of two�body branching ratios for �pp annihilations at rest in liquid
and gaseous ����STP� hydrogen are reported� Channels studied are �pp � ����	
���	 K�

LK
�
S	 �

��� and K�K�� The results are critically compared with those from
other experiments� Values of the fraction of P�state annihilation for a range of target
densities from 
�

��STP to liquid H� are determined�

� Introduction

In a previous paper ��� we have reported a measurement of the branching
ratio BR������ liq� for the annihilation reaction �pp � ���� at rest in liq�
uid hydrogen	 Further details about this measurement and results for a wide
range of other two�body channels are given in �
�	 As pointed out in ��� our
measured branching ratio for the ���� channel� with detection of all � pho�
tons� is signicantly larger than previously measured values where only 
 or
� photons from the decay of the 
 pions were detected	 When combined with
the branching ratio measurement for �pp � ���� from 
P�states ���� it gave
an unexpectedly large value for the fraction of P�state annihilation in liquid
hydrogen	 However it was also pointed out in ��� that a much smaller P�state
fraction would be obtained when the di�ering strong interaction widths of the
ne structure levels ��� are taken into account	 These ideas were placed on a
more quantitative basis by Batty ��� and a P�state fraction of ���� � ���� in
liquid hydrogen was obtained from an analysis of a wide range of branching
ratio measurements	 This P�state fraction is in accord with the expectations
of cascade calculations including Stark mixing e�ects �����	
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Recently the Obelix collaboration� in a measurement where also all � photons
were detected� obtained ��� the value BR������ liq� � �
�� � �������� which
is again much lower than the Crystal Barrel value ���
� of BR������ liq� �
����� � ���������	 The aim of the present paper is to measure this and other
two�body branching ratios by a re�analysis of the old Crystal Barrel data� a
new analysis of recent data and to extend the measurements to annihilation
in gaseous hydrogen at �
 �STP� where �STP is the density of H� gas at STP	
These latter measurements enable the fraction of P�state annihilation to be
studied as a function of H� target density �����	

� Apparatus

The measurements were carried out using the Crystal Barrel detector at
LEAR	 A detailed description of the apparatus� as used for early data taking
����� onwards�� has been given elsewhere ���	 To study annihilation at rest�
a beam of 
��MeV�c antiprotons extracted from LEAR� stopped in a liquid
hydrogen target at the center of the detector	 The whole detector was situated
in a �	�T solenoidal magnet with the incident antiproton beam direction along
its axis	 The target was surrounded by a pair of multiwire proportional cham�
bers �PWC�s� and a cylindrical jet drift chamber �JDC� with �� sectors� each
sector having 
� sense wires at radial distances between ��mm and 
��mm	
The JDC was surrounded by a barrel shaped calorimeter consisting of ����
CsI�Tl� crystals in a pointing geometry	 The CsI calorimeter covered the polar
angles between �
� and ���� with full coverage in azimuth	 The overall accep�
tance for shower detection was �	����� sr	 Typical photon energy resolutions
were �E�E � 
��� at �GeV� and ���� � ��
� in both polar and azimuthal
angles	 The mass resolution was � � ��MeV for �� and ��MeV for � � 
		

In ���� the PWC�s were replaced by a microstrip vertex detector �SVTX� con�
sisting of �� single�sided silicon detectors� each having �
� strips with a pitch
of ��
m running parallel to the beam axis ���	 As well as giving improved
identication of secondary vertices� this detector provided better vertex reso�
lution in r� � and improved momentum determination with a resolution �p�p
for charged tracks of �	�� at �	�GeV�c and �	
� at �	�GeV�c	 To study anni�
hilation in hydrogen gas� the liquid target was replaced by a Mylar vessel with

��
m thick walls and a ���
m thick entrance window� containing hydrogen
gas at room temperature and �
 bar pressure	 A ��
m thick Si detector was
used to count the incident ���MeV�c antiproton beam	






� Experimental

��� Minimum bias data

An important feature of the present paper is a new analysis of recent Crystal
Barrel data which avoids possible biases due to kinematic tting	 The data
were selected solely on the basis of an j �ptot j vs Etot plot of �	 events and the
invariant mass of 		 combinations	 Here Etot is the total energy of the event
and j �ptot j the total momentum	 The analysis of the data taken with a liquid
H� target will rst be described in some detail	

The data were taken in April ���� and comprise � ��� 
�� events taken with
a minimum bias trigger on incident antiprotons entering the liquid H� target	
After excluding events with the pile�up �ag set� where a second antiproton
entered the target within the time range from �
s before to �
s after the
trigger antiproton� � ��� ��� events remained	 Of these events � ��
 ��� con�
tained charged tracks which when reconstructed gave a z�distribution along
the beam direction with two peaks� a large peak at the target centre and a
smaller one at z � ���� cm corresponding to antiprotons annihilating in the
Si beam counter and target entrance region	 A t gave ����� ����� of events
corresponding to antiprotons not stopping in the hydrogen target	 Since no
kinematic t is applied in the data selection� the nal two�body events include
in��ight annihilation as does the reference data set of minimum bias events	
The in��ight contribution amounts to about �� �
�	 Assuming the branch�
ing ratio does not change for annihilation at very low momentum� the e�ect
cancels out in the two data sets and no correction was therefore applied for
in��ight annihilations	

Of the 
�� ��� events with no charged track� events with photons hitting the
crystal rings adjacent to the entrance�exit holes were rejected since part of
the energy may have escaped detection	 Clusters of energy with the central
crystal having an energy  ��MeV were also not used since they originate
mainly from shower �uctuations and not from primary photons	 From the
events remaining after the preselection� the �	 events were selected and the
momenta and invariant masses of all six 		 combinations calculated �See Fig	
��	 Each ���� event gives two entries in the peak on the right hand side of the
momentum plot �Fig	 ��a�� A large peak for �� and a smaller one for � events
are visible in the plot of invariant masses �Fig	 ��b�� To suppress background
due to wrong 		 combinations and from other annihilation channels� then from
all six 		 combinations the one with the smallest distance d to the masses of
the desired particles ma and mb was chosen	

d �j mi�		��ma j � j mj�		��mb j ���

�



provided that for each of the two terms on the right hand side

j mi�j�		��ma�b j  ��MeV �
�

A plot of the measured total momentum j �ptot j as a function of the total
energy Etot is shown in gure 
	 The expected clustering of events at E �

mpc

� � ����MeV and j �ptot j � � is clearly seen together with a further
grouping around E � 
mpc

� � mKLc
� � ����MeV and j �ptot j � ���MeV�c

corresponding to �pp � K�
SK

�
L events with K�

S � ���� and an undetected
�i	e	 non�interacting� K�

L	 Also shown are the kinematic regions used to select
the desired two�body events	 The selected region used to give the nal value
of the branching ratio was chosen to be small enough so as to reduce any
contribution from background events� but large enough so that the desired
events were not rejected and the detection e�ciency� as determined by Monte
Carlo simulation� was not reduced	 In practice it proved straightforward to
choose a suitable region which both satised the above conditions and also gave
branching ratios which were insensitive� within the experimental statistical
errors� to reasonable changes in the limits chosen for j �ptot j and Etot	

Figure ��a� shows the momentum of 		 pairs for the ���� nal state which
satisfy equs	 ��� and �
�	 Figure ��b� also shows the momentum of 		 pairs for
the ���� nal state for events lying in region E of the j �ptot j vs Etot plot �Fig	

� where the background at low energy is eliminated	 The background below
the peak was estimated by extrapolation of the spectrum at low momentum
into the peak region	 �See Fig	 ��a� �	 For the ���� channel the background
was negligible� ��	 Similar spectra were obtained for the ��� nal state but
in this case the number of events was corrected for a background contribution
to the peak region of � ��	

The procedure for K�
LK

�
S events with K�

S � ���� and a non�interacting
K�
L was again similar but in this case the momentum distribution for the

resulting �	 was calculated	 To make sure that the K�
L was not lost in the hole

around the beam pipe� events were selected with the measured momentum
direction in the range 
��  �  ���� to ensure that the missing momentum
of the non�interacting K�

L points to a sensitive region of the calorimeter	 The
probability that a K�

L of momentum���MeV�c does not interact in the crystals
has previously been measured ���� to be ���� ���	

For the measurement of the ���� and K�K� branching ratios� 
�prong events
recorded in the JDC were selected� requiring that the the number of �hits� per
track � �� with the track starting in layers ��� and nishing in layers 
��
�	
The momenta of the two�prong events were calculated and the distribution
shows peaks close to �
�	�MeV�c due to ���� events and to ���	�MeV�c due
to K�K� pairs	 Since the opening angle � between the two tracks should be
���� it was further required that for the selected events cos��� � �����	 For
the plot of j �ptot j as a function of Etot it was assumed that all charged events

�



were pions	 The fully reconstructed ���� nal states then have total energy
around 
mpc

� � ����MeV whilst the K�K� nal states apparently have a
total energy of ��
�MeV as shown in gure �	 By choosing the selection
region appropriately it is thus possible to distinguish between these two nal
states and to eliminate background	 Plots of the momentum distribution of

�prong events for the selected ���� and K�K� regions are shown in Figs	
��a� and ��b� respectively	

The detection e�ciencies were calculated by Monte Carlo simulation using
software based on the standard GEANT�	
 package	 These simulated events
were then passed through the same analysis chain as real data	 The values
for the nally selected energy�momentum regions for each channel are listed
in Table � together with the corresponding number of data events	 Correc�
tions for the decay probability ��	��
�� for � � 
	 and for the probability
��	����� of K�

S � ���� were applied using values from the Particle Data
Group compilation ����	 After applying a factor of �	��� to the total num�
ber of analysed events �� ��� ���� to correct for annihilations outside the H�

target� the branching ratios listed in column 
 of Table 
 were obtained	

The data taken in July ���� with a gaseous H� target at room temperature
and �
 bar pressure were analysed in a similar way	 A total of 
 ��� 
�� events
were recorded and 
 ��� ��� remained after removal of events with the pile�
up �ag set	 Of these 
 ��� ��� events contained charged tracks� their vertex
z�distribution gave � �� of annihilations occurring outside the target in the
beam direction	 Simulation calculations showed that between 
� and �� of
the incident antiprotons could stop in the target walls� the exact fraction de�
pending on the antiproton beam parameters	 The total number of analysed
events was therefore corrected by a factor of ����� ���
	 The plots of momen�
tum distributions and of j �ptot j vs Etot for both neutral and 
�prong events are
very similar to those obtained with the liquid H� target and are not repeated	
The background correction to the number of ��� events � ��	 The number of
selected events and calculated detection e�ciency are again given in Table �	
The reduced detection e�ciency for the ���� and K�K� channels� compared
to that obtained in liquid H�� is due to a slightly di�erent alignment for the
SVTX detector with respect to the JDC	 The resulting measured branching
ratios are listed in column 
 of Table �	

��� All neutral data

As a further check on the reliability of the branching ratio measurements an
analysis was made of a part of the  all neutral! data used in the previous
Crystal Barrel publications ���
�� so as to obtain branching ratios for the ����

and ��� channels	 This analysis was essentially a check of the earlier work but
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using the updated and improved o��line analysis� reconstruction and kinematic
tting software now available	 The analysis was also extended to the �pp �
K�
SK

�
L channel following the methods described in the previous Crystal Barrel

measurement ����	 Detection e�ciencies were again calculated using Monte
Carlo simulated events	 Corrections for in��ight annihilations ���� � �����
and for antiprotons not stopping in the target ���� � ����� were taken from
the earlier work �
�	 The results of this re�analysis of a part of the earlier  all
neutral! data are given in Table 
 and are seen to be in good agreement with
the previous results published by the Crystal Barrel collaboration ���
���� and
with the results obtained using minimum bias data described above	

This analysis was repeated using the same methods but for data taken with the
gaseous hydrogen target at �
 bar pressure	 A total of �	� ��� events taken with
an  all neutral! �AN� trigger were used to select ����� ��� and K�

SK
�
L events	

The absolute normalisation used ���� events selected from 
	� ���  minimum
bias! �MB� events taken during the same run period	 After kinematic tting to
�pp� �	 the branching ratios listed in column � of Table � were obtained using
detector e�ciencies calculated� as before� by Monte Carlo simulation	 These
are new measurements and are independent of those in column 
� described
earlier� which were obtained with a minimum bias trigger	

� Results

As we have previously remarked� the re�analysis of the liquid H� data gives
results �Table 
� in good agreement with the earlier Crystal Barrel values
���
����	 The new analysis� which avoids biases due to kinematic tting and
uses data selection based solely on a j �ptot j vs Etot plot� likewise gives good
agreement with the earlier work ���
����	 In particular it conrms a much larger
value for the branching ratio BR������ liq� than that measured recently by
the Obelix collaboration ��� and most earlier experiments �See Ref	��
� for a
more detailed discussion�	 We note that Crystal Barrel and Obelix are the only
two experiments to measure all � photons and to fully reconstruct ���� events	
The detection e�ciency for ���� events is however much smaller for the Obelix
experiment �����
�������� than for Crystal Barrel �������������� where the
e�ciency approaches the  geometrical! value of �	��
 for the detection of �
photons	 We note that the earlier measurement by the Obelix group ���� of
the branching ratio in H� gas at density �STP is also low when compared to the
general trend of Crystal Barrel values as a function of target density plotted
in Fig	 ��a�	

The two measurements of the �pp� K�
SK

�
L branching ratio in liquid H� �Table


� with K�
S � 
�� are in good agreement with the value BR�K�

SK
�
L� liq� �

����� ���� �������� with K�
S � ���� measured by the Obelix collaboration
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����	 This good agreement is an important check on the consistency of the
measurements from the two experiments� and particularly on the detection
e�ciency calculation for  all neutral! events in the Crystal Barrel detector	

The two values for BR������ �
 �STP� measured in the present experiment
�Table �� are in good agreement	 However the value for BR�K�

SK
�
L� �
 �STP�

obtained from the  minimum bias! analysis is signicantly larger �
���� than
that obtained from the analysis of  all neutral! data	 The latter value� however
seems to be in general agreement with the overall trend of results for the K�

SK
�
L

branching ratio ������� when plotted as a function of target density �	 �See
Fig	��b��	 The reasons for this discrepancy are not understood	 The value of
the branching ratio obtained from the  minimum bias! data is stable against
variation of the cuts in the j �ptot j vs Etot plot� suggesting that background
events are not the cause of this apparently large value for the branching ratio	

Values for the ���� and K�K� branching ratios in liquid H� �Table 
� are in
good agreement with the previous Crystal Barrel measurements �
� and earlier
work	 �See Ref	�
� for a compilation of previous measurements	� The present
measurements of ���� and K�K� branching ratios in H� gas at �
 �STP �Table
�� are in overall agreement with the trend of the branching ratio measurements
as a function of target density shown in Figs	 ��c� and ��d�	 In this gure the
values of the branching ratios at �	��� �STP and �STP are from the Obelix
������� and Asterix ��� experiments	

� Fraction of P�state annihilation

The results reported here have been included in a new analysis of two�body
branching ratios in terms of the fraction of P�state annihilation fP���� using
the formalism described by Batty ���	 There it was shown that in the presence
of Stark mixing it is necessary to take into account an enhancement of annihi�
lation from ne structure states� over that expected from a purely statistical
population of the levels	 Fine structure widths predicted by various models
are used� together with a cascade calculation� to calculate the  enhancement
factors!	 This e�ect is particularly important for the �P� level� which has a
very large width relative to the other P�states	

As well as the branching ratio data used in ��� and those from the present work�
a number of recent measurements were also included	 The Obelix collaboration
���� have measured branching ratios for the reaction �pp�K�

SK
�
L� K

�
S�����

at three densities� �	��� �STP� �STP and liquid� whilst the CPLEAR collabo�
ration have measured ���� the ratio BR�K�

SK
�
S� ���BR�K�

SK
�
L� �� at densities

of �� �STP and 
� �STP	 This latter measurement enables the P�state fraction
fP�
� �STP� to be determined for the rst time	 Although not a two�body

�



branching ratio� the production of ������� at three target densities in the re�
action �pp������������� ������� � K�K�

L�
� has been determined ���� by

the Obelix collaboration	 This is a particularly useful measurement since the
���� dipion and the ������� are produced with relative orbital angular mo�
mentum L � � and so production of the ������� only occurs from the 	S� state
of the �pp system ���� which does not contribute to the other two�body chan�
nels considered in this analysis	 In bubble chamber data on �pp�������������
������� � K�K�

S�
� ���� however� a small contribution �	 
��� due to an�

nihilation from the �S	 state was determined	 In total we have �� branching
ratio measurements to be tted by �� parameters� �� values of the partial
branching ratios ����
� B�ch� �S�	LJ� and � values of the fraction of P�state
annihilation fP��� over the range of target densities from �	��
 �STP to liquid
H�	

A least squares t to the above data� but omitting the Obelix value ��� of
BR������ liq� which is much smaller than the measurements �Table 
� from
the present experiment� gave a best t with a �� per degree of freedom ���N �

�	
���	 Rather poorly tted were the value of BR�K�

SK
�
L� �
 �STP� � ������

��������� measured in the present work with a minimum bias trigger �see
column 
 of Table �� and the value of BR������ �STP� measured by the Obelix
experiment ���� which also gave di�culties in the previous analysis ���	 Values
of �� for these two measurements were �	� and �	� respectively	 Omitting these
two branching ratios gave a very good t to the data with ���N � ��	����	
Calculated values of the branching ratios for this best t solution are shown in
Fig	 �� where for clarity the points have been joined by straight lines	 Values
obtained for the P�state fraction as a function of H� target gas density � are
given in Table �	 The reduction in the P�state fraction with increasing target
density� due to the Stark e�ect� is clearly seen	 These results were obtained
with  enhancement factors! ��� calculated using the DR� potential for the �pp
interaction �
��	 The same values� within errors� were obtained using the DR

and KW potentials �
��	 A t with the  enhancement factors! set to �	�� i	e	
neglecting ne structure e�ects� gave a signicantly worse t with ���N �
��	����	 For the DR�  enhancement factors!� including the Obelix value of
BR������ liq�� but excluding the Crystal Barrel values� gave ���N � 
�	
���
or ���N � ��	���� when the value of BR�K�

SK
�
L� �
 �STP� � ������ ���������

discussed above was omitted	 In this t the value obtained for the fraction
of P�state annihilation in liquid H� fP�liq� � ���� � ���
 whilst the values of
fP��� at other pressures are the same within errors as those given in Table �	

� Summary

To summarise� values of the branching ratios for the reactions �pp� ����� ����
K�
LK

�
S� �

��� and K�K�have been measured in liquid and gaseous ��
 �STP�

�



hydrogen	 The results conrm the value of BR������ liq� obtained previously
by this collaboration ��� which is signicantly larger than that obtained by
the Obelix experiment ���	 The present branching ratio measurements have
been compared with previous measured values �e	g	 see Fig	 ��	 The results
have been analysed� together with other data� using the formalism of Batty
����
�� to obtain the fraction of P�state annihilation at target densities from
�	��
 �STP to liquid H�	 The values� which are listed in Table �� are similar
to those obtained in the previous work ��� but are of improved accuracy and
with additional values at �
 and 
� �STP	
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Table �
Number of selected events and detection e�ciency for analysis with minimum bias
data�

Liquid H� �
 �STP H� gas

Channel Events Detection e�ciency Events Detection e�ciency

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

��� �� �	��� � �	��� ��� �	��� � �	��


K�
SK

�
L �� �	��� � �	�
� �

 �	��� � �	�
�

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

K�K� ��� �	��� � �	�

 ��� �	��� � �	���

Table �
Branching ratios for �pp annihilation in liquid H��

Branching ratio in units ����

Channel Min	 Bias Previous �
���� Re�analysis�

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

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

K�
SK

�
L �	�� � �	�
 �	�� � �	�� �	�� � �	��

���� ��	� � 
	�� ��	� � �	��

K�K� ��	� � �	�� �	�� � �	��

� only part of all neutral data used in �
����	

Table �
Branching ratios for �pp annihilation in ���STP H� gas�

Branching ratio in units ����

Channel Min	 Bias AN	 Trigger

���� ��	� � �	�� ��	
 � �	��

��� �	�� � �	�� �	�� � �	��

K�
SK

�
L �	�� � �	�� �	�� � �	��

���� ��	� � 
	��

K�K� �	�� � �	��

��



Table �
Fraction of P�state annihilation as a function of H� target density�

Target density P�state fraction

�units �STP�

�	��
 �	����	��

�	��� �	����	�


�	� �	����	��

�
	� �	����	��

��	� �	����	��


�	� �	����	��

liq	 �	����	�


0

20

40

60

80

100

120

0 200 400 600 800 1000

γγ  momentum [MeV/c]

0

50

100

150

200

250

300

350

400

0 200 400 600 800 1000

γγ inv. mass [MeV/c2]

Fig� �� Plots of �a� momentum and �b� invariant mass distributions for all six ��
combinations in the �� events selected from �pp annihilations in liquid H��
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Fig� �� Plot of total momentum j �ptot j as a function of total energy Etot for �� events
selected from �pp annihilations in liquid H�� All of the selection regions labelled A
to G extend to the j �ptot j � 
 axis�
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Fig� �� Momentum distributions for �a� �� pairs for the ���� �nal state which satisfy
equs� ��� and ���� and �b� which also lie in the selected region E of the j �ptot j vs
Etot plot shown in Figure ��
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Fig� �� Plot of total momentum j �ptot j as a function of total energy Etot for ��prong
events selected from �pp annihilations in liquid H�� The regions chosen for the �nal
selection of K�K� �left� and ���� �right� events are shown�
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Fig� �� Momentum distributions for the selected j �ptot j vs Etot plot regions for
�a� K�K� and �b� ���� events from �pp annihilations in liquid H�� Values of �a�
�� MeV�c and �b� �� MeV�c	 as indicated by the vertical lines	 are expected from
��body kinematics�
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Fig� �� Branching ratios for �a� �pp � ���� �b� �pp � K�
SK

�
L �c� �pp � ���� �d�

�pp � K�K� as a function of target density � �units �STP�� Values plotted are�
present work�Min�Bias�	 � present work�A�N�Trigger�	 � Crystal Barrel ��� and

�a� � Obelix ��	���	 � Asterix ���� �b� � Obelix ����	 � Asterix ����� �c� and �d� �
Obelix ���	���	 � Asterix ���	 � Bubble Chamber ����� The curves are a smooth �t
to branching ratios calculated from the �t to the data using the model of Batty ����
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