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Two�body branching ratios� an experimental review

C� J� Battya�

aRutherford Appleton Laboratory� Chilton� Didcot� Oxon OX�� �QX� UK

Recent measurements of two�body Branching Ratios for �pp and �pd annihilations at rest
are reviewed� with an emphasis on the consistency of the data and possible discrepancies�
Their use for determining the probability for P�state annihilation as a function of target
density is discussed and the results of a recent analysis of �pp data are presented� These
results also show clear evidence for the presence of dynamical selection rules�

�� INTRODUCTION

The Branching Ratio BR�ch� ��� or annihilation frequency as it is sometimes called� is
the probability that a particular channel ch will be produced in a �pp �protonium� or �pd
annihilation� It is usually the quantity measured experimentally and is a function of the
target density �� The Partial Branching Ratio B�ch� �S��LJ � is the probability that the
channel ch is produced by an annihilation from the initial state �S��LJ of the �pp or �pd
system� The partial branching ratio is independent of the atomic physics e	ects occuring
during the cascade of the �pp or �pd atom and so does not depend on the target density�
It is this quantity which normally should be compared with predictions from theoretical
models of the annihilation process�
Here we only discuss two�body branching ratios� These are of interest for studies of

the annihilation mechanism� In section 
�� the topic of dynamical selection rules �DSR�
is discussed� where for some channels two�body annihilation from particular initial states
��S��LJ � is suppressed� even though not forbidden by conservation laws� The use of two�
body branching ratios to study violation of the OZI rule and the possible presence of
strangeness in the proton has been discussed elsewhere at this meeting�
The use of branching ratios for two�body �nal states to understand the composition

of the protonium initial state from which annihilation occurs and in particular the frac�
tion of S� and P�state annihilation as a function of target density has recently received
considerable attention� This information is particularly relevant to partial wave analyses
of more complicated �nal states in terms of meson resonances� especially where data is
available at more than one target density�
Here we discuss two�body branching ratios for channels involving narrow mesons ��� K�

�� ��� � and ��� Branching ratios for broader states usually have considerable uncertain�
ties due to the need for subtraction of overlapping background and other experimental
di
culties�
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In the following section we discuss the �pp atom cascade� the role of the �ne structure
levels and the need for enhancement factors �section ����� Determination of the frac�
tion of P�state annihilation is discussed in section �� Recently published branching ratio
measurements are reviewed in section � and the �pp����� branching ratio is discussed
in detail in section ���� A recent analysis of two�body branching ratios for �pp atoms is
presented in section 
 with emphasis on the fraction of P�state annihilation �section 
���
and partial branching ratios and DSR �section 
���� Section � comments on �pd branching
ratios and the determination of the P�state fraction in �pd annihilation�

�� THE �pp ATOM CASCADE

Formation of the �pp atom and its atomic cascade has been discussed elsewhere �See
ref� ��� for a review�� Brie�y� the capture of the �p typically occurs at a principal quantum
number n � ��� De�excitation then takes place by a number of processes including
radiative transitions with the emission of X�rays and the external Auger e	ect involving
the ionisation of a neighbouring H� molecule� Finally the �p reaches an atomic state with
angular momentum � � � or � when annihilation occurs� Annihilation from states with
� � � can be ignored due to the negligible overlap of the �p and p atomic wavefunctions
during the cascade process�
In addition� except at very low target densities� the Stark e	ect gives mixing of the

angular momentum states � at high n allowing the antiprotons to transfer to S� and P�
states where they can annihilate before reaching the low�n states� The Stark mixing is
proportional to the target density and for liquid targets the rate is very high� In this case
it is important to consider the e	ects of the �ne structure of the atomic states� For �pp
atoms� the states with � 	 � are �S�� �S�� �P�� �P�� �P� and �P� with the corresponding
JPC� ���� ���� ���� ���� ��� and ���� No direct measurements of the strong interaction
widths of all these states are at present available� In table � the predictions of Carbonell
et al���� using potentials for the �pp interaction due to Dover and Richard �DR� and DR��
and Kohno and Weise �KW� are given� A particular feature of these predictions is the
very large width of the �P� state� This large width for the �P� state relative to the other
P�states is con�rmed by the measurements of the PS��� collaboration reported at this
conference by Gotta ����

Table �
Predicted widths for �pp atoms

Model �S� �S� �P�
�P�

�P�
�P�

� keV� � keV� �meV� �meV� �meV� �meV�
DR� ���� ���� �� ��� �� ��
DR� ���� ���� �� �� �� ��
KW ���� ���� �� �� �� ��

At high n� in the case where Stark mixing is important� the �ne structure levels are
continually and rapidly repopulated according to their statistical weight� A �ne structure
level with a large annihilation width will therefore contribute more to annihilation than
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would be expected from its statistical weight only� This e	ect is particularly important
for the �P� level where the fraction of �pp annihilations may be considerably enhanced
over that expected from a purely statistical population of the level� Similar� but smaller�
e	ects will also occur for the other �ne structure P�states�
These deviations of the population of the �ne structure states have been described ���

in terms of enhancement factors E��S��LJ � �� which are a function of the initial state and
target density� Values of E 	 � correspond to a fraction of annihilations less than that
expected on the basis of a purely statistical population of the level�

���� Enhancement factors
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Figure �� P�state enhancement factors from a cascade calculation ��� using annihilation
widths from the DR� potential in table ��

Values of enhancement factors have been calculated ��� using a model for the atomic
cascade which �ts the available �pp X�ray data covering the range of target densities from
����� to ���� �STP� where �STP is the density of H� gas at STP� Values of E��S��LJ � �� for
P�states using the DR� annihilation widths of table � are shown in �g��� Enhancement
factors for the S�states are generally close to �� Values of E for the other annihilation
models of table � are similar to those for the DR� potential��

�Tables of enhancement factors at a larger number of pressures than those given in ref���	 are available
from the author�
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The branching ratio BR�ch� �� can then be written ��� in terms of the partial branching
ratios B�ch� �S��LJ� in the form

BR�ch� �� � �� � fP�����
�

�
E��S�� ��B�ch� �S�� �

�

�
E��S�� ��B�ch� �S��� �

fP��� �
�

��
E��P�� ��B�ch� �P�� �

�

��
E��P�� ��B�ch� �P�� �

�

��
E��P�� ��B�ch�

�P�� �



��
E��P�� ��B�ch�

�P��� ���

where fP��� is the fraction of P�state annihilation and the factors �

�
� �

��
etc� are the statis�

tical weights of the states�
As will be shown in section � a good �t to two�body branching ratios requires the

use of enhancement factors� With only a limited range of branching ratio measurements
available it is not possible to determine the enhancement factors from a �t to the data
and values calculated as discussed earlier have to be used� However we note that a study
�
� of the reaction �pp� ������� at rest� both in liquid and in gas at �� �STP� �nds

r �
E��P�� liq�
E�

�P�� �� �STP�

E��P�� liq�
E��P�� �� �STP�
� ���� � ���
 ���

to be compared with the value r � ��� predicted by the potential models of table �� In a
simultaneous analysis ��� made for the reaction �pp� ����� of data taken in gas at �� �STP
and in liquid hydrogen� the relative rates �gas�liquid� for annihilation from speci�c states
��S���P�� etc�� were constrained by predictions which include the enhancement factors
discussed above�

�� DETERMINATION OF FRACTION OF P�STATE ANNIHILATION

Two�body �nal states are only allowed from certain initial states of the �pp system as
shown in table �� For most channels this gives a considerable reduction in the number of
free parameters fP���and B�ch� �S��LJ� in equ���� when �tting the branching ratio data
BR�ch� ��� In some cases the branching ratio was measured in coincidence with L X�rays
so that annihilation only occurs from �P states� From ��� the expression for the branching
ratio then becomes

BR�ch� ��X �
�

��
B�ch� �P�� �

�

��
B�ch� �P�� �

�

��
B�ch� �P�� �




��
B�ch� �P�� ���

A �t ��� to the branching ratios available in ����� for the channels ����� ����� K�
SK

�
S�

K�

SK
�

L and K�K� for a range of target densities from ����� �STP to liquid H�� gave a
P�state fraction in liquid of fP�liq� � ����� ���� with a �� per degree of freedom ���N
� ����
 using enhancement factors calculated with the DR� potential �table ��� The
partial branching ratios were constrained so that B�ch� �S��LJ � � �� values of fP���
at other densities are given in ref����� If the enhancement e	ects were not taken into
account� i�e� E � �� then a signi�cantly worse �t was obtained with ���N � ���
�� and
fP�liq� � ����� ����� An important component of the input data was the branching ratio






Table �
Two body reactions

Final state JPC JPC Allowed initial states
���� ��� ��� �P�

�P�

���� �� �� �S� �P�
�P�

K�
SK

�
L �� �� �S�

K�
SK

�
S �� �� �P�

�P�

K�K� �� �� �S� �P�
�P�

�������� prod� ��� �S�
�� ��� ��� �S�

�P�

�� ��� ��� �S�
�P�

�� ��� ��� �S� �P�

�� ��� ��� �P�
�P�

�� ��� ��� �P�
�P�

�� ��� ��� �S� �P�
�P�

�P�

�� ��� ��� �S� �P�
�P�

�P�

� �pp �� ������������ ������� �� K�K�
L�

�

BR������ liq� for the reaction �pp� ���� in liquid H�� which had been measured ����� by
the Crystal Barrel �CBAR� collaboration� This branching ratio was signi�cantly larger
than previously measured values�

�� RECENTLY PUBLISHED BRANCHING RATIO MEASUREMENTS

A number of two�body branching ratios measurements have been published since the
analysis of ref����� These include measurements by the Obelix collaboration ��� for the
reaction �pp�K�

SK
�
L� K

�
S�����at three densities� ����
�STP� �STP and liquid� The latter

value BR�K�
SK

�
L� liq� � ����������������� is in good agreement with that measured ����

by the Crystal Barrel collaboration� BR�K�
SK

�
L� liq� � ����� ��������� for the same reac�

tion but with K�
S������ This good agreement is an important check on the consistency

of measurements from the two experiments� and particularly on the detection e
ciency
for all neutral events in the Crystal Barrel detector�
The CPLEAR collaboration 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 reaction �pp�������� ����� ��������K�K�

L�
� has been determined ����

by the Obelix collaboration� This is a particularly useful measurement since production
only occurs from the �S� state of the �pp system which does not contribute to the other
channels listed in table ��
At the HADRON�� conference� the Obelix collaboration presented a new measurement

���� of the branching ratio for �pp����� in liquid hydrogen� BR������ liq� � �������������

in marked disagreement with the Crystal Barrel ����� value of BR������ liq� � ����� �
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��������� mentioned in section �� The Obelix value gives signi�cantly reduced P�state
annihilation in liquid H� and there has been much activity over the past year to try to
understand the discrepancy between these two measurements�
This is particularly important since the value of BR������ liq� was used by the Crys�

tal Barrel collaboration to normalise their other branching ratio measurements ��� for all
neutral �nal states ���� ���� ����� ��� ��� ���� �� and ���� The resulting BR���� liq� �
����� � ������ has also been used to normalise most Crystal Barrel analyses of � pseu�
doscalar data e�g� �pp����� ���� etc��
Recently the �pp� ���� branching ratio has been measured ���� by the Crystal Barrel

collaboration with �� � ������� �� � ��
� They obtain BR���� liq� � ����
 � ���
��
in agreement with their earlier result �see above�� giving con�dence in their measured
BR������ liq� used for the normalisation of all neutral �nal states and in their branching
ratios for the � pseudoscalar data�

���� Measurements of the branching ratio for �pp � �
�
�
��
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Figure �� Values of the ���� branching ratio as a function of target density �� The
points marked CB�AN� and CB�MB� are preliminary values from the Crystal Barrel �all
neutral� and �minimum bias� analyses discussed in section ����

The original Crystal Barrel measurement ��� of the BR������ liq� � ����� � ���� �
��������� was obtained from the analysis of ��� ��	 �minimum bias� events� A �C kine�
matic �t to �pp��
 and the selection of any pairs of two photons which have the expected
momentum of ����
 MeV
c gave a very clean spectrum with ����� �� events� The overall
detection e
ciency as calculated by Monte Carlo simulation was � � ����� �����
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The more recent Obelix measurement ���� used ��� ��	 events obtained with an �all
neutral� trigger� Good agreement was obtained between the results obtained with �C �ts
to �pp���

 and �C �ts to �pp������ However the calculated overall detection e
ciencies
were only � � ������ ����� and ������ ����� respectively� The �nal BR������ liq� �
����� ���� ���������
In an attempt to resolve this discrepancy the Crystal Barrel collaboration has recently

made two further determinations of BR������ liq� and BR�K�
SK

�
L� liq�� The latter value

gives an important check on the consistency of the Obelix and Crystal Barrel results as
mentioned earlier in section �� It should be emphasised that the following results are
PRELIMINARY�
The �rst of the analyses used ��
 ��	 events taken with an �all neutral� trigger� The

absolute normalisation used ���� events selected from � ��� �minimumbias� trigger events
taken in the same run period� After kinematic �tting to �pp��
 the branching ratios
BR������ liq� � ������ ��������� with detector e
ciency � � ��

 and BR�K�

SK
�

L� liq� �
����
 � ��������� with � � ��
� were obtained� The errors shown are statistical only�
The second analysis used ��� ��	 �minimum bias� events obtained towards the end of

the LEAR running period� To avoid possible biases due to kinematic �tting� the data
were selected solely on the basis of an E vs j p j plot of �
 events and the invariant mass
of 

 combinations� This gave BR������ liq� � ������ ��������� with detector e
ciency
� � ���� and BR�K�

SK
�

L� liq� � ����� � ��������� with � � ��
�� Again the errors are
purely statistical� Values of the ���� branching ratio are plotted in �g�� together with
VERY PRELIMINARY branching ratios obtained by these two analyses for ���STP gas�
The above preliminary values of BR�K�

SK
�
L� liq� obtained with both �minimum bias�

and �all neutral� triggers are in good agreement with the previous Crystal Barrel ����
and Obelix ��� results� giving con�dence in the measured two�body branching ratios and
calculated detection e
ciency� The corresponding values of BR������ liq� are also in
good agreement with the earlier Crystal Barrel result ���� As mentioned above� the recent
Crystal Barrel determination of the �pp��� branching ratio� with one of the � decaying
in its charged decay mode� also supports this latter result ����
On the other hand� the much lower Obelix value for BR������ liq� is consistent with

earlier measurements �See ref� ���� for references to earlier work�� However Crystal
Barrel and Obelix are the only two experiments to measure all photons and to fully
reconstruct ��� events� The detection e
ciency for � photon events is� however� much
smaller for the Obelix experiment than for Crystal Barrel� where the e
ciency approaches
the �geometrical� value�

�� A RECENT ANALYSIS OF TWO�BODY BRANCHING RATIOS

In the present section we present the results of an analysis of two�body branching ratios
using the formalism presented here and in ���� The experimental data used are those given
in ��� and the more recent results ��������� discussed in section �� The very preliminary
values of the ����branching ratio at ���STP were not included in the �t� Unless otherwise
stated the enhancement factors derived using the DR� potential �Table �� were used� The
fraction of P�state annihilation fP��� and the partial branching ratios B�ch� �S��LJ � were
determined�
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���� Fraction of P�state annihilation

If the Crystal Barrel value ��� for BR������ liq� � ����� � ���� � ��������� is used�
together with the other measurements discussed above� then the analysis ��� gives a best
�t with ���N � ������ fP�liq� � ����� ���� and fP��STP� � ��
�� ����� These and other
values of fP��� obtained in this analysis are plotted in �g��� However the �t to the Obelix
measurement ��
� of BR������ �STP� is relatively poor with ��� ��� for this one point�
This measurement also seems to be inconsistent with the values at ���STP plotted in �g���
Removing it gives a signi�cantly better �t with ���N � ����� and little change to the
values of fP�liq� ������ ���� and fP��STP� � ����� �����
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Figure �� Fraction of P�state annihilation as a function of gas density determined by the
analysis of section 
��� The lines are the predictions of various atomic cascade models ����

On the other hand if the Obelix value ���� of BR������ liq� � ���� � ��� � ��������

is used� but not the Crystal Barrel value ���� then the best �t has ���N � ����� with
fP�liq� � ���
�� ����� and fP��STP� � ��
�� ����� A good �t to the Obelix value ��
� of
BR������ �STP� is also obtained� Thus the main e	ect of the two di	erent values for the
���� branching ratio is a factor of two di	erence in the value of fP�liq�� The values of
fP��� at lower densities ��g��� are largely unaltered�

���� Partial branching ratios and DSR

The analysis also gives values of the partial branching ratios B�ch��S��LJ � which are
independent of atomic cascade e	ects� Results from an analysis using the data discussed
earlier� with the Crystal Barrel value for BR������ liq�� together with values of the ���
��� ��� �� and �� branching ratios taken from the literature� are given in table ��
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Table �
Partial Branching Ratios ������

Channel JPC JPC �S�
�P�

�P�
�P�

�� �� �� ���� ��� X ��� � 
��� ���
K�K� �� �� ���� ��� X ���� ��� ���� ����

K� �K
�

�� �� ���� ��� X ���� ���� ����� ����
�� ��� ��� ���� ��� ����� ���� X X
�� ��� ��� ���� ��
 ���� ���� X X
�� ��� ��� ����� ���� ����� ���� X X
�� ��� ��� X X ����� ��� ���� ����
�� ��� ��� X X ��
� ��� ���� ����

X Channel forbidden from this initial state

Particularly noticeable are the values of B�ch� �S��LJ� which for certain channels and
speci�c initial states �S��LJ are consistent with zero� giving clear evidence for dynamical
selection rules ����� The value for the �P� partial branching ratio� B���� �P��� for the ��
channel is about a factor �ve lower than that recently obtained by the Obelix collaboration
����� Note however that the value obtained in ���� for BR���� �STP� is about a factor four
larger than the ASTERIX measurement ���� which was used in the present analysis�

�� SOME COMMENTS ON �pd BRANCHING RATIOS

The general features of the atomic cascade for �pd atoms are very similar to those for
�pp atoms discussed in section �� Whilst few calculations of the strong interaction �ne
structure e	ects in �pd atoms are available� Wycech et al� ���� predict that the widths of
the �ne structure components for P�states are approximately equal� It is therefore to be
expected that the enhancement factors will have values E � ��
Due to the Fermi motion of the nucleons in deuterium� the �p�nucleon angular momen�

tum can be di	erent from the angular momentum of the �p with respect to the deuteron
center of mass� Hence the fraction of P�state annihilation in �pd atoms could well be very
di	erent from that for �pp atoms�����
By charge independence� for �pd atoms

BR�����n� �� �
�

�
BR�����p� �� � �BR�����n� ��� ���

The reaction �pd�����p can only occur from S�states� whilst �pd����� n only occurs
from P�states� Several experiments �see ref������ have determined the ratio

r �
BR����� p� liq�

BR�����n� liq�
�
�

and argued that �

�
r is a direct measure of the fraction of annihilations in deuterium from

S�states�
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Following the notation used earlier equ� ��� can be written in the form

BR�����n� liq� �
�

�
�� � fP�liq���

�

�
B�����p� �S��� �

�fP�liq��
�

��
B�����n� �P�� �




��
B�����n� �P��� ���

and so fP��� cannot be determined from r since the partial branching ratios B�ch� �S��LJ�
are unknown� In fact what r determines is the fraction of the reaction �pd�����n which
proceeds from S�states� not the fraction of S�state annihilation in �pd interactions at rest�

To summarise� two�body branching ratio measurements have the potential to give im�
portant information on the nucleon�antinucleon annihilation process and to make stringent
tests of the interaction mechanism� Determination of partial branching ratios is an im�
portant part of this process� The data also allow the fraction of P�state annihilation to be
determined as a function of density and compared with models for the �pp atomic cascade�
Reliability of the measured branching ratios is� of course� very important�

I wish to thank my colleagues in the Crystal Barrel collaboration for many helpful
comments and permission to quote their preliminary results� I also wish to thank A�Zoccoli
and other members of the Obelix collaboration for very useful discussions�
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