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Annihilations of Antiprotons at Rest in Hydrogen. V. Multipion Annihilations*

C. BALTAY~ P. FRANzINI, G. LUTJENs, f J. C. SEvERIENs, D. TYCKo, AND D. ZANELLof.

Columbia University, Nm P'ork, Nem York

Approximately 45 000 pionic annihilations of stopped antiprotons in hydrogen have been measured and
analyzed. The relative annihilation rates into the various multipion 6nal states are presented. The experi-
mental distributions of the invariant masses of all the possible pion combinations have been obtained.
Strong production of the p, co, and q meson has been observed, and their production rates have been estab-
lished. The rates for simultaneous production of p p~, poco, and p('g are discussed.

I. INTRODUCTION

A STUDY of the annihilation of stopped antiprotons
in hydrogen into pions has been carried out. The

antiprotons were produced in the Srookhaven AGS and
were stopped in the 30-in. Columbia-BNL hydrogen
bubble chamber. ' A total of 7127 events with two
charged prongs, 36 823 events with four charged prongs,
and 549 events with six charged prongs were analyzed.

A similar study, based on fewer events, has been
performed by the Oxford-Padua collaboration.

A general symmary of the results on pionic annihila-
tions is presented in this paper. Some particular reac-
tions have been analyzed and the results are presented
in Refs. 3 to 8.

II. EXPERIMENTAL METHOD

The photographs of the 30-in. chamber used for this
study contained an average number of 1.5 antiproton
stops per picture. A small, cylindrical 6ducial volume of
20 cm radius and 20 crn depth was used, to improve the
resolution of the measurements. Only one-seventh of
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the stopping antiprotons were in this reduced volume.
The 61m was scanned and measured in one operation.

For a part of the film annihilations into zero charged
prongs were recorded. Events where one of the charged
tracks could be identi6ed as a Emeson, and events with
associated E' decays, were not measured. Events with
e charged prongs plus an obvious Dalitz pair were
measured as rt prongs, ignoring the Dalitz pair. (Obvious
Dalitz pairs were defined as two lightly ionizing tracks,
with less than a 3' angle between them, and with at
least one of the tracks going around half a circle or
Inore in the chamber without stopping. ) No further
corrections for Dalitz pairs were made in the annihila-
tion rates. Portions of the film were scanned twice;
it could be concluded from the comparison of the two
scans that the scanning efficiencies for two, four and
six-pronged annihilations were the same, approximately
85% for a single scan.

About one-third of the measurements were performed
on high-precision 61m-plane digitizers, and two thirds
were performed on image-plane digitizers. The resolution
of the two kinds of machines was sufficiently similar in
the present experiment for the measurements from the
two to be combined. The measurements were processed
by a geometrical reconstruction program, ' NP54, and
a version of the CERN GRIND kinematics prograIn.
In cases where one of the charged prongs scattered in
the hydrogen, the scattering products were also
measured. This information was used in the kinematic
6tting programs, so that any biases in the results due to
the different scattering cross sections of m+ and ~
in hydrogen were reduced to a negligible amount. All
charged prongs were assumed to be pions; kinematic
fits were tried for each event corresponding to 0 or i
missing neutral pion. Events were classified as having
0, i or more than 1 missing neutral pion by using the
X' values obtained in the kinematic 6ts and the missing
mass at the annihilation vertex, computed from the
measured quantities, by the following criteria:

(a) Events were classi6ed as 0 missing Ir"s if the
corresponding 6t had X'(6 times the number of
constraints.

(b) Events were classiled as 1 missing sr' if the 4
constraint 6t to no missing x"s was unacceptable and

~ R. J. Piano and D. H. Tycko, Nucl. Instr. Methods 20, 458
(1963)."R.Bock, CERN Report 61-29, 1961 (unpublished).
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Reaction

pp -+ total 0 prongs

No. of Corrected
events in No. of
Gd. vol. events

157

Annihilation
rate (%)

3.2 &0.5

PP —+++ 7r
m.+vr-x'
m+7r X'
total 2 prongs

78
-823
6226
7127

78
1210
5839
7127

0.32a0.03~
7.8 ~0.9

34.5 ~1.2
42.6 ~1.1

TABLE I. Annihilation rates for multipion production. the 1-constraint fit had X'&6, and the square of the
missing mass was within 0.1 BeV' of the square of the
x' mass.

(c) Events were classified as more than 1 missing s'
if the 6t to no m"s was unacceptable, and the 6t to 1
missing x' had X')6, or the square of the missing mass
was larger than the square of the x' mass by more
than 0.1 BeV'.

III. ANNIHILATION RATES
pp

~+7r+m=m. ~0
m+m'+m' x' X
total 4 prongs

pp ~ ~+~+~+~-~-~-
m-+~+~+~ m=7r 7r'
~+~+~+~-~-~-X0
total 6 prongs

Total pionic annihilations

4621
13 793
18 409
36 823

279
217

53
549

4621
15 033
17 169
36 823

279
236
34

549

5.8 ~0.3
18.7 ~0.9
21.3 &1.1
45.8 ~1.0
1.9 ~0.2
1.6 ~0.3
0.3 ~0.1
3.8 ~0.2

95.4 ~1.6

In approximately one third of the 61m used in this
experiment all annihilations with 0, 2, 4, and 6 charged
prongs were counted. This count was used to determine
the annihilation rates as a function of the charged

800

P + P 7T++7r++7r +7r

MASS OF 77+77

& The rate (0.32+0.03)% is not based on the 78 events observed in the
present study. It is based on a previous extensive search for collinear
two-pronged events in the same stopping antiproton exposure fC. Baltay
et a/. , phys. Rev. Letters 15, 532, 597 (E) (1965)j.
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FxG. 2. Distribution in the invariant mass of m+x in the reaction
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FIG. 1. Distributions in the square of the missing mass for the
annihilations at rest into (a) 2 charged prongs, (b) 4 charged
prongs, and (c) 6 charged prongs. The shaded areas represent
events which did not achieve a kinematic fit (g'&6) to a single
mis&ing m.0 hypothesis. The arrows indicate the cutoBs in the square
of the missing mass used in classifying events as one or more than
one missing vr events.

pion multiplicity. In this count events with obvious
E+ or associated E"s were included; to get the pure
pionic rates, the known annihilation rates into kaons"
were subtracted. The count yielded 593, 7324, 7527, and
615 annihilations with 0, 2, 4, and 6 charged prongs,
respectively. After subtracting the annihilations into
kaons, the rates for pionic annihilations with 0, 2, 4,
and 6 charged prongs were found to be (3.2&0.5)%,
(42.6&1.1)%, (45.8+1.0)% and (3.8&0.2)%, respec-
tively.

To obtain the rates for annihilations with zero, one,
or more than one x' in each charged-prong category, the
assumption was made that the losses in the geometry
and kinematic programs were independent of the num-

» N. Iiarash and L. Kirsch (private communication).
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ber of m"s. This assumption was necessary since events
rejected by these programs were not remeasured. .'s

The number of events which satis6ed the selection
criteria stated in Sec. II are shown in the 6rst column
of Table I for the various pionic channels. Events with
no x's were identi6ed by four-constraint kinematic
6ts and no further correction to their numbers were
necessary. Events with a single x', however, were
selected on the basis of a cutoQ in the missing-mass
spectra; their numbers had to be corrected for true
single m' events falling outside the cutoffs, and for
multi-m' events falling inside the cuto6s. The distribu-
tion in the square of the missing mass for the 2, 4, and
6 pronged events are shown in Figs. 1(a), 1(b) and 1(c),
respectively. In these 6gures all events have been
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FIG. '4. Distribution in the invariant mass of ~+w+m and m m ~+
in the reaction p+p —+ x++71-+1m +m .

(the number of annihilations of a certain type divided
by the total number of p stops") are shown in column
3 of Table I.

IV. INVARIANT-MASS DISTMBUTIONS

The Dalitz plot and its projections for the annihila-
tion into three pions have been published. ' The invar-
iant mass distributions for all the possible combinations
of pions are shown in Figs. 2 to 21 for the events with

FzG. 3. Distribution in the invariant mass of m+x+ and 2I- m in
the reaction p+p ~ ~++2I-++21- +7I- .

included except those which satisfy 4 constraint 6ts to
no missing 7I-'. The shaded regions indicate events for
which no satisfactory 1 constraint 6ts to single m'

production were made. From a study of these distribu-
tions, the correction factors by which the number of
events satisfying the criteria for single x' events have
to be multiplied were estimated to be 1.3'1&0.14,
1.05&0.03, and 1.00&0.02 for 2, 4, and 6 prongs,
respectively. A further correction was made for true
single m' events which did not make 1-constraint 6ts
because the momentum of one of the pions was too
poorly measured. The number of events thus corrected
are shown in column 2 of Table I.The annihilation rates
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n Of the total number of events measured, 5.6% were rejected
by the geometrical reconstruction programs; these rejects are
independent of the number of H's produced in any given charged
prong category. Of the events measured 4.5% were rejected by
the kinematical fitting programs; of these 2.1% 2.2'%%up and 0.2%%up

were events with 2, 4, and 6 charged prongs, respectively. The
uncertainty in the division of these rejects between zero, one, or
more than one w' events is within the errors on the rates for these
channels quoted in Table I.
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Fn. 5. Distribution in. the invariant mass of 7I-+7I- in the reaction
jP+P ~ 7I++X'++X' +X' +21 .

"No corrections were made for the fact that some small fraction
of the annihilations were actually due to antiprotons in Right. For
the pionic annihilations, these corrections were estimated to be
within the quoted errors on the annihilation rates.
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4 charged pions. Since no violation of charge conjugation
invariance is apparent in pp annihilations at rest, s all

the charge conjugate distributions were combined.
The multi-x' contamination in the 2-pronged events

which were classified as single x' events was estimated

by putting all 4-pronged events through the kinematics
programs using the measurements of two of the charged
prongs only. Only 43% of all 4-pronged events satisfied
the criteria for m+m x' events. The number of 2-pronged
events with more than one missing x' is roughly five
times the number of vr+s x' events; 4% of these events,
which we take to be the multi-7t. contamination in the
vr+n x' events, amounts to 4% of the m.+sr m' events.
The corresponding estimate for the multi-m' contamina-
tion in the m+m+x m x' events was not done because of
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FIG. 8. Distribution in the invariant mass of m.+7r 7I in the reaction
p+p —+ x++7r++7I- +7r=+7I-'.

the small number of events with 6 charged prongs.
An upper limit of 10%can be put on this contamination
from the distribution in the square of the missing mass
in the 4-pronged events LFig. 1(b)j, using the assump-
tion that this distribution for the single m' events is
symmetric about the square of the x' mass.

The distributions for events with more. than one
missing m' do not include events which satisfy the 1
constraint Bt to a single missing m' even if the missing
mass for the event is outside the cutoG used for single
x' events; there should be thus negligible single x'
contamination in these events.
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FIG. 12. Distribution in the invariant mass of 7I+m.+2I. m and
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As has been observed previously, ' the p', p+, and co'

mesons are produced prominently in pp annihilations
at rest (see Pigs. 2, 5, 6, and 8). There is also evidence
for the production of the q' meson. The evaluation of
the production rates of these resonances is made
dificult by the fact that the backgrounds cannot be
adequately Q.tted by phase space in most of the annihila-
tion channels of pp at rest. For a careful evaluation of
these rates the proper matrix elements should be
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written taking into account the Bose statistics of the
pions and the restrictions on the angular momentum
and isospin states available from S-wave pp annihila-
tions. This was done for the 371. and the +7I.m 6nal
states, 4 ' but for four- and Gve-body 6nal states this
procedure becomes overly complex. The situation is
further complicated by the possible existence of heavier
resonant states that may decay into p7I., cow, or pe..

A simpler method was used instead to get a rough
estimate for the amount of resonance production. Only
the region of the invariant mass spectrum near the
resonance in question was considered, and was Pitted
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to a Breit-Wigner resonance shape multiplied by phase
space, plus a second- or third-order polynomial for
background.

A. ~' and g' Production

For a narrow resonance like the co' and the g' this
procedure is quite good. A Gaussian rather than a
Breit-Wigner shape was used to fit the co' and the g'
since the width due to resolution is larger in the present
case than the natural width of the states. The fits
were done to the m+m ~' invariant mass distribution in
the reaction p+p~ m++m++m +m +x'. The region
used for the g' was 450&M3 &650 MeV, and for the
ohio was 700(M3 (900 MeV. Both were adequately
fitted by a Gaussian (centered at '/80. 5 MeV with

FIG. 16. DiStributiOn in the inVariant maSS Of m-+m+7r=7r in the
reaction p+p ~~++~++m +7r +Xo.
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&1.3) jo of the n.+n.+or ~ m' events in the case of the cu'.
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Using the ratio 1.14 for (aP-+ all)/(co'~ x+m ~'), the
rate for pp ~ co'+s.+++ is (3.8~0.4)%%u~.

In the case of the g' the area of the Gaussian corre-
sponded to (1.84+0.2)'P~ of all m+m+~ m xo events;
using 3.5 for the ratio (rP ~ all)/(vP -+ ~+m m'),
the absolute annihilation rate for pp —& g's.+s is
(1.2a0.3)%.

B. y Meson Production

The present procedure used to evaluate the resonance
production rates is less accurate for the p meson because

of its larger width. This is reflected in the larger errors
on the p production rates. Three mass spectra vrere
used, with each event contributing four combinations:

mass of m+m in pp~w+++s —s —,
mass of ~+m- in pp —& ~+gr+g-~-~',

mass of 7|+m' in pp —& ~+m+~ ~ ~'.

The mass and width of the p were left free parameters in
these fits. The mass region 400&My &980 MeV was
used for the 4x events and 560&M2 &960 MeV for
the 5'. events. The parameters of the best fits obtained
are given in Table II.The fraction of resonance produc-
tion was taken to be the number of events corresponding
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Fxa. 19. Distribution in the invariant mass of m+~ X in the
reaction p+ p —+ 7I-++7I++7I- +7I- +X'.

FIG. 21. Distribution in the invariant mass of x+x+~ X0 and
7I. 7I- 7r+Xo in the reaction $+P —& m++7I++7I. +3- +X'.



iii0 BALTAY et gl. 145

I I I I I I & I I & I I I I I I I

I 200 —P + P 7T + 7T + 7T + 7T +7T
TABLE Il. Parameters of the best fits used in the evaluation

of p production rates.
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p0
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P +P

Parameters of best Qt
Fraction

No. of of
con- resonance

Mass F straints x~ production

751~6 174&31 20 22.4 1.00~0.17
746~4 135~20 16 24.6 0.39~0.07
750~3 150~30 16 14.1 0.34~0.09

to the area of the Breit-Wigner used in the best fit
divided by the total number of events. These correspond
to anihilation rates of (5.8 q.3+'3)%%u for p'm+m ('1.3
&1./)% for p'sr+a m', and (6.4&1.8)% for prism'+~ .

FIG. 22. Fit to the 7T+7T 7r' mass spectrum near the oP region
in p+P ~ m.++7I-++7r +7T +7r0.

TAsz, E III. Annihilation rates for channels involving
the p, co and g mesons.

Channel Rate (%)
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6 The rateS quOted fOr the prOduCtiOn Of po+7T++7r, mo+7r++7T, and

go+7T++7T include the contributions from the events where the 7r+7T were
the decay products of a po meson.
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FIG. 23. Fit to the 7T+7T 7r mass spectrum near the q0 region
in p+p ~7r++7T++7T +7T +7T0.

The results discussed in this section are summarized
in Table III, along with some two-body rates previously
published. ~ It should be pointed out that from the
present analysis the possibility that the resonances in
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FIG. 24. Scattergram of the mass of 7T+7T versus the mass of
the Other 7r+7T in the reaCtiOn p+p —+7T++m.++7r +7T . EaCh
event contributes 4 points to the plot.

FIG. 25. Scattergra of the mmass of m-+m versus the mass of
7T+7r 7T0 in the reaCtiOn p+p ~7T++7T++7r +7r +7I . EaCh eVent
contributes 4 points to the plot.



ANNIHILATION OF ANTIPROTONS IN H

Table II are decay products of heavier resonant states
cannot be excluded.

&oo oo AND o&o pRODUCTIOH

Annihilations into the two-body channels p p, pea',
and p'g' were investigated. The estimates for the
annihilation rates into these channels were based on
the study of two-dimensional scattergrams of invariant
masses. To study p'p' production, a scattergram was
used, plotting the mass of one m+x combination against
the mass of the other m-+x combination in the reaction
@+p —+ m++7r++m +~, with each event contributing
4 points (Fig. 24). For p'M' and p'g' production, the mass
of one m+m combination was plotted against the mass of
the other m.+x combined with the m', in the reaction
p+p~m++~++m +x. +m'. Again each event con-
tributed 4 points to the scattergram, shown in I'ig. 25.

A rectangular region of the scattergram around the

Fxo. 26. Sk.etch
illustrating the nine
regions of the scat-
terplot of m1 versus
m2 used to determine
the rate for simul-
taneous production
of resonances 1 and
2.

I' or2g
'rz I Or Cr

}'~pl' oro

1 or20

point which corresponds to simultaneous production of
the two resonances was subdivided into nine boxes, as
shown in Fig. 26. Each box has contributions from four
sources: the production of resonance No. i, the produc-
tion of resonance No. 2, the simultaneous production
of resonances No. i and No. 2, and noaresonant
background with intensities e, P, y, 5, respectively.
These contributions were taken to be incoherent:

mt~max ~a~max

i~min NN mfa (~1™10)+4

Pd& ldm2tg jsmax SZS max

)

tg1~min &a~min ~2 ~2p 4~2

Sl1~max tS9~max pltÃydm2

I (my Pllo) +gP1 j/(~2 ~2g) +gP2 f

where

l ming 1~1 mazy &2 ming and ~2 ~sx are the bOundarieS

of box i;
ml„ I'l, tn2„1 2 are the masses and widths of the two

resonances;
rp= q (et~,m2) is the effective phase space.

The values of e, P, y and 5 were found by minimizing
the X' function

X'=Q [n;—(nZ1;+PE2;+yR12~+8 p~) j'/n;

where n; is the observed number of events in boxi.
For the case of pc@ and pro, the integrals Ei, E2,

and Ei2 contained Gaussians instead of the Breit-
Kigner forms for the oP and g'.

The results of these analyses are listed in Table III.
The rate listed for p+p ~ p'+co' is the one obtained by
a diferent, more detailed analysis already published. '
The rate obtained from the analysis described here was
within the errors of the rate listed in Table III. The
rates for p'p' and p'p' are not signi6cantly diGerent
from zero.
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