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ABSTRACT

An experiment has been performed to measure the angular distribu-
tions in the reactions pp + 7°r° and + #°n° at an ircident p momentum
of 1.752 GeV/c. Structure is seen in the angular distributions for
both reactions. These data are combined with those of Eisenhandler et

al. on §p -+ w+i to determine the angular distributions in the states
G - 0+ and IG--= 1 3 pronounced structure is sepn in both states which

differ significantly from that of ﬂ°n° (I = 17).
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We present here preliminary results of an optical

- spark chamber experiment to measure gamma ray final

states of proton-antiproton annihilations. Angular
distributions are given for pp + m°m° and pp + W°n°
at 1.752 GeV/c incident momentum.

The experiment was performed in a partially separated
antiproton beam at the Brookhaven National Laboratory AGS.
The beam included two 15 foot D.C. separators and a
12 element tagging hodoscope at the momentum focus,
giving us a momentum resolution'capability of 0.4%.

After separation the beam contaimed equal numbers of p -and
. Using a 16 meter flight path we were,able to

achieve better than a lOT%,;ejectioh rate of pions.

The beam was then incident on a 10 cm liquid hydrogen
target which was surrounded by a.two layer scintillation
counter hodoscope covering the entire solid angle. The
first layer vetoed ail events with charged secondaries.
Between the la&e;s was one radiation length'oﬁ_lead“inu _
order to convert gamma rays. The second layer consisted
of 17 counters designed. to be sensitive to two body ‘
correlations. A good trigger was réquired to have a C e
countuin two counters - one forward, one backward, and

on the same azimuth (Fig. 1). This strongly biased our

trigger against the neutral baryonic reactions like

ﬁn,and nn1°, and towards two body states like uw°mn° and

mT°n°. For example, the nn triggering efficiency was

= 1073 |
satisfied the logic we then fired the spark chambers.

while that for n°n° was =~ 0.4. If an event



The six spark chambers covered the entire solid
angle and presented a minimum of eight radiation lengths
in 80 gaps for converting and detecting the gamma ray
showers (Fig. 2). The upstream chamber had a hole through
its plates to admit the beam, with foil over the first = ———-
few and last few gaps, to permit measurement of the
incoming track. Each spark chamber was photographed in two
90° stereo views. In addition two small thin foil
chambers just before and after the target permitted 4
identification of non-target interactions and considerably
improved the beam track determination. Also recorded
on the film was'informatiop about the momentum hodoscope, counters
fired and the triggereq logic configuration for each event. \

In the cou?se of the experiment we took approximately
750,000 pictures at 20 equally spaced energies between
1.1 and 2.0 GeV/c with taggihghte invariant mass bins
of = 2.5 MeV. L L L

Each picture was scanned and was required to, have
a good beam signature, conve;;ed gamma rays in'the chambers
and no antineutron etarﬁﬁlﬁyeﬁt§lmeeting these criteria
were then measﬁred —'three'pointe on the beam line,
conver51on and dlrectlon p01nt on each gamma, all 1n two it
views. Us1ng the known p051t10ns of a set of f1duc1a1 -
lights on the chambers each point is reggpstructed in
space. A line is fit to ,the three beam points and an
interaction point for tbe event is fit to_the beam and “

dlrectlonal information of all gammas. . ° i ‘ e o
Information on the measurement erro:§{c9mes from

the redundant measurement of the coordinate perpendicular

to the gaps‘rlwhich indicates a rms »rror of 5 mm - and

from projections of the beam ;;acks.into'the downstream

chamber for stfaight éhrough tracks, which also gives




uncertainties of + 5 mm. The interaction point is
determined to + 2 cm and is one of the larger sources
of angular uncertainty.

It is a kinematical property of massive particles
decaying into gamma ray pairs that the distribution of
the opening angle, @, between the gammas ‘is characterized
by a sharp minimum angle with most of the ‘events piling
up near Egis/hinimum(l). This_minimum is a function only
of the velocity, B, of the decaying particle, which in
the/é;nter of mass of a two body event is unique. We

Omin

have cos —=— = B. At 1.752 GeV/c, © . for m° from
4 min

Pp + m°m° is 13°; ‘for pp ~+ w°n°, ®in
1° and 52.2° for n°. - - -

Because of the efficiency of our sysEem for

is 13.8° for the

detecting gamma rays, more than:95% of wew® and‘n°g?w_

events in which the 7° and n°® decay via two gamma -are R

detected as either four gamma or three gamma- events.

Figures 3 and 4 show all pairs+of center of mass opening

angles for 'all three or four 'gamma events.. Prominent in

both are the u° peaks. To fiind the two body events we

display:on a scattér-plot thesmallest opéningwangle

for each event versus the remaining opening angle (Fig..S).

The accumulation’ at the miﬁimﬁﬁvépeninguan§1e for both

pairs at the m° angle is appagegtp ‘There is also a clear

accumulation at the n°® angle. . , '
We have one more kinematic yardiable in a two body

proceés, namely the angle between directions of the

decaying particles. ‘In the center of mass thesg_directions

should have a relative angle of 180°. Using the bisector of

the pairs as an approximatien and making a cut at 15° on

the angle between one bisécto: and the reflection of \

N . .t ‘L
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the other, one sees a dramatic enhancement of signal

to noise (Fig; 6). 1In practice one can do better by
treating the sample as though they were all =« ﬂ° or

T°n° events. Under these hypotheses one can calculate

for each pair of gammas from an assumed m° or n° the

two possible directions for the m° or n°.. There are

two possible solutions,,symmetriéally digppsed on either

side of the bisector, since we do not distinguish which

gamma has the higher enérgy. For each..event,K we select

the two directions which are _closest to 180° apart. 1In Eigure 7
we show the reflected relative angle distribution for

pairs passing cuts on the. opening angle (smaller 0 < 21°,
larger © < 30°). Also shown is the relative angle distribution -

for three gamma events, which we determine between the

solution of the pair (with © < 30°) closest to 180° .to the
odd gamma. For the three gamma events we’display-the smallest
opening angle versus the relative, angle to show the

. accumulation at the m°w° region (Fig. 8).

There is some contamjination of background'in;both
of these samples, which. arise from systems of, higher ;
mu1t1p11c1ty, e.g., three m° or four w°, andiwhich are not
detected in their entirety in the equipment. To estimate’
this background we generate events, by .eliminating short
gammas from observed events having five, .or more gammas.
These are most probably the g&mmas that would be lost
due to detection inefficiencies, and would give rise to
lower multiplicity events. Treating those,éyents that
become four gammas under this operétion'as a background
sample we normalize to the region outside the m°w° and mene°
regions ‘'on the scatter plot. of. the data events and perform
a subtraction. For the three gamma ,events we. use the
opening angle versus the relative angle scatter plot to
ascertain the background. S

[ A



For the three gamma w°n°® events'there is an additional
background from the m°n°® events where one of the n°® gammas
is missed. In fact = one half of the humber that appear
in the 1°n°® region would fall into m°n° region. This is
calculated using a Monte Carlo program. The final raw
angular distributions for n°w° and 1°n° events passing
the cits are shown in Figures 9, 10, and 11. We use
as an estimate of the polar angle for each event the
direction obtained by appropriately averaging the two -
space vectors representing_the mn°n° or n°n°® for each event.

In order to correct these distributions for triggering
biases and efficiency, geometric detection 1neff1c1enc1es
and experlmental resolution, we use a Monte Carlo 51mulatlon C =

)
program. 'To check the results of this program we, have R

LT .

used several calibrations. First, we are.able to predlct o

correctly the number of gamma rays converting in our lead
sc1ntlllator hodoscope, for a given number, of gamma rays

incident upon the detector, by determining the number of”

gammas as a function of distance into the chamber and extrapolating

back to the beginning to,find the excess over an exponential

- rise. Second, we cah predict the number of counters fire&

and compare with the data, since this is. encoded on each

picture,. Third, we are able to predict: the number of

events which are visible ag, four gamma or three gamma..;.

events as a function only of an effective low energy cut-off

on .visible gammas. in the chambers, which we-.can adjust

to fit the data, , Fourth, the Monte Carlo events spread .

with the experimental measurement errors'agrees with the

data in openinc¢ angle dlstrlbutlon, relatlve angle dlstrlbutlon,

etc.  (See Figure 7.) . , , ' =
.. To reconstruct angular distributions from the raw

data we need to generate with the Monte Carlo a matrix

which gives the probability for detectxng an event 1n~dx at

LA

x' = cos ©' if it actually occurred in dx at x = cos 0. S

) I i B
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- To do this we define a density M(x,x') such that the

observed distribution n'(x') can be gotten from the
true parent distribution n(x) by '

n'(x"ax' = dx'vfwldxM(x,x'Yn(x).
1 :

with M(x,x')dx"' = probablllty that an event produced

at x is detected in dx' at x', and [y(x,x )dx' = total

probability, with our equipment, cuts, etc. of detecting

an event produced at x. Expanding n(x) in Legendreh

polynomials: : L
~ “max
n(x) = J a P, (x)
2=0
‘ L S I
and ' Tmax 1. T e - | “max
= f n' (x )ax! =] a, [ ax' [ M(x,x )P, (x)n(x)dx = ] agMy
i : =0 L o . 2=0

where n is the numbe; of events in the ith bin of the

observed variabie x'! We evaluate the M by Monte

Carlo‘techniques. The problem of determinlng the parent
distribution, i.e., the az(vﬁﬁuJuSt a llhear flttlng
prcblem, The final checkLon the veracity of the Monte
0i for the three
gamma sample, the fouf'gaﬁma sample, and the sum of both
(which is almost independent of the detection efficiency)
and fitting each sample separately All of these should

- predict the same parent-distribution both in shape and

Carlo is done by generating separate M

in number.' The(results of ‘these fits are given fn Flgure 12
for the = nb It is enceuraglng that the fltted dlstrlbutlons
and the normallzatzon come, put so similar to each other

in the three/gamma and four gamma cases, especxally s1nce

the raW/samples are. so d1551m11ar (Figures 9, 10). In Figure 13

/ |
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we show the results of the fit to the 1°n°® sample. Because
of the symmetries of the two processes the differential
cross section of both pp + m°n° and Ep'+ m°n° are
restricted to even Legendré polynomial expansions. We

fit for successively increasing values of L and stopped

max
adding terms when the probability for the fit reached
reasonable values and stabilized. ~In Figure 14.we show
‘the situation for the m°nw°® case. We accepted Lmax = 8

max
was consistent with 0.

and rejected L = 10 because the 350 that was required .

We can convert these numbers of parent events to
true differential cross sections by comblnlng them with
electronic triggering rate data acquired during the
experiment and by making suitable corrections for various
losses. This calculation is outllned 1n Table I.

The integrated cross section for pp S meme at 1.752 GeV/c
is 12.85 + 1.2 ub, where the error,is statistical. There
is an additional overall uncertainty, in the normalization,
which we estimate at this time to be = 10%. i

. In Table II we list the properly normallzed coeff1c1ents

a, in the expahsion ' '

L -
; g—g = Ja P, (x)
=0 , :
Also listed are the coeff1c1ents in a similar expansidn for
.the/g;ocess PP * atn” from the data of.Eisenhandler”et al.(z).
We have averagéd‘the fits of these authors Lo their data at
1.70 and 1.80 GeV/c to compare with our data at 1.752 GeV/c.

If we represent the two 7 annihilation process by two

i . Vg

I spin amplitudes, M, and M,, SN

then M, =M

Ly T Mg+ My

U
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and MOO = MO
do ‘
+- 2 2
then &= IMOI. + |M1| + 2ReM M, *
4990 _ |2
da -~ 0

Initial” spin state indices and averages have been suppressed

in"the above. -Since the dipion state must be symmetric,

including the I spin variable, the amplitudes Ml and MO'
must be composed of odd and even spherical harmonics
respectively. This implies that |M1| and- |M | have purely

even expansions in Legendre polynomials and only the
interference term gives rise to the odd terms in the expansion
of the cross section.

e ———

Since the T°m° measurement determines M, [ separately,
we can subtract it from the n+n ‘expansion and the remaining
2 and 2ReM,M.*. This

1 01
separation is shown in the last two columns of Table II and-

odd and even terms are separately M

the separate angular functions are displayed in Figure 15. .
The most outstanding feature of the Legendre polynomial

fits to the n°n° data is the large ag coefficient. The

other coefficients, aside from age which basically determlnes

the total cross sectlon for the reaction, are all small.

Due to the fact that the two pi annihilation takes place

from the triplet pp states only, the general form of the

amplltude ‘contains. only incoherent sums of spherical

. harmonics with m = 0 and +. 1(3).' This fact, coupled
. to the obviously related observation that the differential

cross section has a Very strong dip-peak structure with
almost hard zeros tempts one to try to interpret the data

in terms of the simplest amplitude possible. : '\\\ . .
-, . . . N Lo i
k | T
45> -
7



s

Obvibusly such a procedure is subjéct to many

>

ampiguities and a more rigofous analysis will have to

await the reduction of the remainder of our data over

the whole energy range. The results of an incomplete

search for various combinations of functions which could

fit the data are given in Table III. In fact we found

that we had very little freedom to chose- varlous comblnatlons
of functions and we reproduce our best almost unlque‘ '
solutions. The following comments are in order: |M0| ‘“”“““f“**mn
is quite adequately describable as IaY ° + by °| with a

and b very close to 180° out of phase. It w1ll be interesting
to see whether this analysis holds up at neighboring

energies and whether either a or b varies rapidly with

energy as would happen if there were an'I = 0, J = 2 or 4
resonance in this region. We note in passing that the

energy of this experiment is close to the’center of the

(4)

broad maximum in the pp and pn total cross sections that N
has been suggested to be due to both an I =0 and I =1 |
resonance in this energy region. The momentum bite

coveréd by this experiment was = 85 MeV/c and éach event

was tagged to + 3.5 MeV/c incident momentum. We'searchéd

for possible variation in the angular distribution across

this region (= 30 MeV in mass) and within the limited

statistics available we see no strong variation in tﬁe

angular distribution. (See Figure 16.)' In this connectlon,

the reaction pp ~ n n° is pare IG = 1 rand seems to have AT

PR

very different angular momentum comp051t10n than thel'ﬁf

I
G " —————

part of pp -+ n*w* (which is I~ = l ) ( See Figures 13 and{ls.)

St

The |M; | _angular distributions turned out to yiel§(97

somewhat less satisfactory_solutions after a similar ~

search, While we get very good reproductions of the
angular distributions with the parameters indicated in
Table II, the coefficients are not consistent with those
that would arise from a,proper amplitudé squared. There is
considerable sensitivity to the relative normalization
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of the two,éxperimental input samples, particdlarly'with‘

lY 1

regard to the magnitude of the coefficients of the Y3 5

1,1
and Y5 Yl

What is clearly needed in order to search for possible

terms.

resonances in these systems is to complete the set of angular
distributions of pp -+ mome to enable us to perform the
separation into I ='1 and I = 0 cross sections in combination
with the data of Reference 2. We can then attempt an
energy dependent parameterization of'amplitudes including
varying background terms. |

In conclusion, the first angular distributions we
have obtained in these neutral two body processes show
great promise for aiding in the understanding of the rich
structure in the pp annihilations. Over the next year
we will have substantially more data and‘WiiIiattempt
a more~thqpoﬁ§h analysis. . ¢

We/é}atefully acknowledge the expert technical
assigkance of Mr. T. Lyons and'his~group at Brookhaven
and Mr, A, Distante and his group at Bari and the
excellent work of our various scanning staffs. We wish
to thank Messrs. W. Aitkenhead, J. Butler, and S. Redner
for their assistance during the construction, running and

preliminary data analysis.
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Table I
1.752 GeV/c

NMCarlo'Parents y X 1

O.0.,0 = X (R - R X F -
e NGood Trigger full empty corr N°pH2L

NMCarlo Parents = 520.6

NGood Trigger 11206

= 1.05 X 10-4ev/5.

Reu1l : R
R.-R, = 9.66 X 10 ~ev/p

= -6 . /= '
Rempty = 8.4 X 10 "ev/p
Feorr = (1'06)Y conversion (1'019)§atten (1'024)Da1itz (1'0055)Shrink

= 1,112
Asz = 0.0708 g/cc
L =9.2 cm

-
°"°ﬁ° = 12.85 + l.2lpb




MY = M+ M’ Table II -

M®°° = M° ‘
.2(8) = M° (T -6) - M'(@) = -M'(TT-6) )
db’+— ' °j2 l ||2 | o nal¥
90 () = IM .+ M + 2ReM°M
, < o . ol
Y P+ Yag P + YayPp
- 4 even £ even L odd .
do o, ol2 0
4n {6) =IM°l® = Ta7P
' ‘ - Jeven

T —5% = IM'1% + 2ReMoM™

= Sa}P + T af Py

L even Lodd o e
tot | do *-_ do °° N et | oo
0=y f (55 -3 )da=o 20°°
Y4 _ o
4.
Opee = 30 °°

.75 BeV/c Legendre Coefficients

OO ~ND D DN —O

a - °3+.°}A+°3i' ay ay  ub/sr o Y
© 2,05%,19 7.85%.07 58 +.23 . |
| | .67 .34 67 .34
 —I5+.43 -,13 +.44 .2 +.55
| | 2.03 £.52 . | 2.03+.52
.78+,65 0. +.66 -.68+.83 :
. 590:.65 . 1'5.90¢.65
-1.46 £.73 . 5.57 £.69 7.03 .89 BN -
., =32 173 | -.32+.73 P
432 +.89 12.8+.8 848+1.06 e T
44 % .8 | . .44+.8 ’ '
10

-2046 i‘ .92 -2046 i. 092



Table III

Amplitude Analysis
(in ub/sr)

=

(-]

T
n

(39.346) | Y4 |2 - (59.6+7.7) |YuoYzol

+ (18.347) |¥,,]?
| ~  Prob(x%) =~ €52

IMy |2 = (22.17+8) |¥s, ]2 + (64-3i8-9)|Y3!l?

+ (80.3#7.9) [¥30|® - (130.6+10.7)|¥51¥s,

+ (117.4_";28.7) |Y51Y1.] |
Prob(x%) = 35%

4.

2Re [MiMo*| = (53.9416) |YyoY10] = (38.7+12) |Y,0Y1 0]

4 (31.047.5) |Y,0¥s50] = (3.3+7.5) [Yuo¥so]

- Prob(xz) ~ 75%




Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig.
Fig. 13
Fig. 14
Fig.-15

List of Illustrations.

Arrangement of trigger counters and logic table

Spark chamber system

Opening angle distribution - four gamma events, 6 per event
Opening angle distribution - three gamma events, 3 per event
Scatter plot of smallest opening angle versus remaining
opening angle, four gamma eventé

Same as Fig. 5 with bisector-bisector angle greater

than 165° 3

Relative angle distribution for three and four

gamma events after 7° 6pening angle cuts

Smallest opening angle versus relative ‘angle, three gamma
events - '

Raw angular distribution mom® four gamma events

Raw'angular distribution w°w° three gamma events

Raw angular distribution m°n®

Fitted anéularAdistribution m°nw°, showing fits -

to three’gamma, four gamma andAcombined sampleé

Fitted angular distribution w°n®° ' A

x? versus number of coefficients for we°w°

- Isospin angular distributions

Fig. 16 m°n°® angular distribution ‘across momentum byte by hddoscope
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Figure 5
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Figure 7
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Number of Events

Figure 9

- Raw m°7° Angular Distribution
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Figure 10

‘Raw 7°7° Angular Distribution
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' e Figure 11
Raw 7°n° Angular Distribution
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77° 7r° Fitted Parent Distributions - Figure 12

(Histogram shows 34§+ 44 raw data)
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© Figure 13
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