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ABSTRACT

An experiment has been performed to measure the angular distrihu-
tions   in the reactions  pp  +  w ow o   and  +  w on o   at an incident p momentum
of 1.752 GeV/c.  Structure fs seen in the angular distributions for

both reactions.  These data are combined with those of Eisenhandler et        -
./.

al.  on  pp +  Trlr- to determine the angular distributions'· in the states
G + G «+ 1.          .,
I  -0  and I  =1; pronounced structure is sepn in both states which
differ significantly  from  that  of  1 94 0  (IG  =  1-):
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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 + A°1° and pp + a°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 contained equal numbers of p and

A  .    Using  a 16 meter flight  path we were, able  to
achieve better than a 10 3.rejection rate of pions.

The beam was then incident on a jq cm liquid hydrogen

target which was surrounded by a.two layer scintillation
counter hodoscope covering the entire solid angle.     The
first layer vetoed all events with charged secondaries.

..,..,

Between the layers was one radiation length 04 lead--in
order to convert gamma rays. The second layer consisted
of 17 counters designed.to be sensitive to two body
correlations.  A good trigger was requi.red to have a        -- ---·---
count in two counters - one forward, one backward, and

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

trigger against the neutral baryonic reqctions like
En,and nnw°, and towards two body states like w°w° and

-

won°.  For example, the nn triggering efficiency was

u 10-3 while that for w°w° was = 0.4.  If an event

satisfied the logic we then fired the spark chambers.

7
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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 chambeK woF phptogFaphed in two
90° stereo views. In addition two small thin foil

chambers just before and after the target permitted

identification of non-target interactions and considerably

improved the beam track determination. Als6 recorded

on the film was information about the momentum hodoscope, counters

fired and the triggered logic configuration for each event.

In the course of thelexperiment we took approximately
750,000 pictures at 20 equally,spaced energies between

1.1 and 2.0 GeV/c with tagging to inyariant mass bins (...-74

of - 2.5 MeV.
d. ,

1..                               .1.      ,               1    1. .
Each picture was scanned and was reguired tp; have

a good beam signature, converted gamma rays in the chambers
and no antineutron  star.,  Events meeting these criteria

were then measured - three points on the beam line,     1 '1 ,

conversion and direction point pn each gamma, all in two ---
views. Osing the known positions  of  a  set of fiducial
lights on the chambers each point is rec9nstructed in
space.      A  line   is   fit  to: the, three »sam points   and   an

interaction point for t%ie evpn,t,is fit to,,the beam and
directional information  of all gommas .                                        -

Information   on. the measurement errors
,
comes   from

the redundant measurement of the coordinate perpendicular

to  the  gaps - which indicates  a  fms,nrror,of   5  mm  -  and
from projectipns,pf,the beam t,racks into the downstream

chamber for straight through tracks, which also gives

I. 1.                          '.      '"
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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, 0, between the gammas   is  characterized

by a sharp minimum angle with most of the events piling
(1)up near this-minimum This minimum is a function onlyl

of  th«.velocity,   B,   of the decaying particle, which  in
the- enter  of  mass  of  a  two body event is unique.     We

e
have cos

2
= B. At 1.752 GeV/c, e for  ° from

min
min

 P + A°A° is 13°;'for pp +·nono, 0 is 13.8° for themin
A° and 52.20 for n°.

Because · ·of the efficiency  of our system  for$

detecting gamma rays, more than 95% of  °1° and· °n°

events in which the  Tr° and,n° decay via two gamma· ·are
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 fout,gamma events.. Prominent in

both are the wa peaks.  To find the two·body events we

display,on a scatter·plot the smallest opening angle

for each event versus the remaining opening angle (Fig. 5).
'  \/The accumulation' at the miriimGm 6peningi.angle for 136th

\

pairs at the w° angle is apparent.  There is also a clear
'. .:/ 1.1"

accumulation at the n° angle.
0

We have one more kinematic yariable in a two body
process, namely the ansle betweeq directigns of the
decaying particles.  In the center of mass these.directions

should have a relative angje of 180°.  Using the bisector of
the  pairs  as ian approximatigp and making  a  cut  at,  151   on
the angle between one bisector and the, reflection of \

'.                       •       4                     ./
/1.
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the other, one sees a dramatic enhancement of signal

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

Non° events. Under these hypotheses one can calculate

for each pair of gammas from an assumed 1° or n° the
two possible directions for the 1° or n°. There are

two possible solutions,.symmetrically disposed on either

side of the bisector, since we,do not distinguish which

gamma has the higher energy. For each-event,we select
the two directions which are _closest  to 180° apart. In Figure 7

we show the reflected relative angle distribution for
pairs passing cuts on the. opening angle (smaller 0 < 21°,
larger 0 < 30°).  Also shown is the relative angle distribution

for three gamma events, which we determine between the

solution of the pair (with 0 < 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 1rolro. region  (Fig.  8) .
There   is some cohtamination of background in. ,both

of these samples, which. arise from. systems of, higher
multiplicity, e..g.,i three lr° or four Tr°, andhwhich are not
detected in their entirety in the equipment. To estimate
this  background we generate..events i by,eliminating short
gammas .from observed events having five..Qr  more . gammas.
These are,most probably the gammas that would be lost

due to detection inefficiencies, and would give rise. to
lower multiplicity events.  Treating those,events that

become four gammas under this operation as a background
sample we normalize,to the region outside the #°A° and wono
regions  on the scatter  plot. Qf. the  data i events  and  per form
a subtraction. For the three gamma. Bvents we, use the

opening angle   versus the relative angle scatter    plot   to
ascertain the background.

i.            1

3 1 ''
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For the three gamma a°z° events there is an additional

background from the  °n° events where one of the n° gammas

is missed. In fact = one half of the number that appear

in the #°n° region would fall into w°w° region. This is            \

calculated using a Monte Carlo program. The final raw

angular distributions for w°w° and #°n° events passing
the cJts 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 w°w° or #'no for each event.

In order to correct these distributions for triggering

biases and efficiency, geometric detection inefficiencies
-=...and experimental resolution, we use a Monte Carlo simulatio .= 7--

program. To check the results   of this program
.we..have   -_- -__

used several calibrations. First, we are.able. to predict  .
-

correctly the number of gamma Toys converting in Our lead

scintillator 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 can predict the number of counters fired

and compare with the data, mince this is encoded on each
picture., Third, we are able to.,predict the number of
events which are visible ag, CoVr 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  onte' Carlo events spread
with the experimental measurement errors,agrees with the

data in opening angle distribution, relative angle .distribution,

etc. (See   Figure    7. )                                                                                                                                             -

To reconstruct .angular distribftions from the Faw
data we need to generate with the Monte Carlo a matrix

which gives the probability for detecting an event -in- dx,L.*t
x' = cos 0' if it actually occurred in dx at x = cos

0. . -'....,.....

1

11
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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

r+1n'(x')dx' = dx'JI dxM(x,x')n(x)
-1

with M(x,x')dx' = probability that an event produced
4-1

at x is detected in dx ' at x ', and  M (x,x ' ) dx ' = total
-1

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

an event produced at x.  Expanding n(x) in Legendre
polynomials:             L

max

n (x)      I  agpl (x)
£=0

t ,·

and                      L                                  Lmax i max

ni = J n'(x')dx.'   I ag J dx' I M(x,x')Pt(x)n(x)dx = I a£Mgi
1-Th

1=0  blt , . £=0bl n

where ni is the number of events in the ith bin of the
observed variable x'.  We evaluate the M by Monte£i
Carlo techniques.  The problem of,determining the parent

distribution, i.e., the a,., isijust a linear fitting- .i

problem. The final check on the veracity of the Monte

Carlo is done by generating separate M for the three£i
gamma sample, the four gamma sample, and the sum of both
(which is almost independent of the detectiqn efficiency)
and   f itting each sample separately..    All of these should

predict the same parent·distribution both in shape and
.

1. . C
. . .    C  ..).(..)in number.  The results of these fits are given in Figure 12

i /

for the 1°16.  It is encouraging that the fitted distributions

and the nqrmalization   come  put *so similar -to each other./                                          1
in the thr,Se gamma and four,gglpma cases, especially since

the ra .-damples are. .so dissimilar (Figure6,2, 10). In Figure 13

V'

.. 1 ,

'It              l 11 Iii. , .1.

.,              I.

'.'...,·'11.; :..:lili' 1 , i '11
\• !  i Ill' fi· ,    . \
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we show the results of the fit to the w°n° sample. Because

of the symmetries of the two processes the differential
cross section of both pp + T°T° and pp + A°n° are

restricted to even Legendre polynomial expansions. We

fit for successively increasing values of L and stoppedmax
adding terms when the probability for the fit reached

reasonable values and stabilized.  In Figure 14 we show
the situation for the A°w° case. We accepted L =8max
and rejected L = 10 because the a that was requiredmax 10
was consistent with 0.

We can convert these numbers of parent events to

true differential cross sections by combining them with

electronic triggering rate data acquired during the

experiment and by making suitable corrections for various
losses. This calculation is outlined in Table I.

- 0
The integrated cross section for pp + A°1° at 1.752 GeV/c

is 12.85 1 1.2 Bb, where the error is statistical.  There
is an additional overall uncertaihty, in the normalization,

which we estimate at this time to be = 10%.

In Table II we list the properly normalized coefficients

ag in the expahsion
L

da  rmaxan =  Lagpg (x)1 r.--rj ..../                                                                       '.        ,.

Also listed are the coefficients in a similar expansion for

the ocess pp  + ,+1- from the data of Eisenhandler et al. (2)

We have averaged  the  fits of these oauthors to 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 w annihilation process by two

I spin amplitudes, MO and Ml'
..\

then     M  =M  +M+-    0    1

1

U

,/                   ..              1
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and       M   =M00    0

dc
then

do - = |MO 12 + IM112 + 2ReMOM1*

de

dROO = |M012                                           -

Initial spin state indices and averages have been suppressed
in- -t-he above. Since the dipion state  must be symmetric,

including the I spin variable, the amplitudes Ml and MI

must be composed of odd and even spherical harmonics
respectively. This implies that |M112 and- |M012 have purely
even expansionk in Legendre polynomials and only the

interference term gives rise to the odd terms in the expansion
of the cross section.

Since the w°w° measurement determines
|M0 2 separately,

we can subtract it from the w w- expansion and the remaining
odd and even terms are separately

Ml and 2ReM M * This
2

0 1'
separation is shown in the last two columns of Table II and
the separate angular functions are displayed in Figure 15.

The most outstanding feature of the Legendre polynomial

fits to the w°w° data is the large aB coefficient.  The

other coefficients, aside from a , which basically determines
the total cross seation for the reaction, are all small.

\

Due to the.fact that the two pi annihilation takes place

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

amplit'ude contains only incoherent sums of spherical
harmonics with m=0 and +1 This fact, coupled(3)

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.           \x

-i. .*» -, 7      1 1 11-«-

i,
i j
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Obviously such a procedure is subject to many
*/

ambiguities and a more rigorous 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 various co.mbinations

of functions and we reproduce our best almost unique  

solutions.  The following comments are in order: |M 12

is quite adequately describable as laY2' + bY4012 with a

and b very close to 180° out of phase. It will 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 therewere  an'  I  =O,J  -  2  or  4

resonance in this region.  We npte 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

has been suggested to be due to both an I=0 and I=1
resonance in this energy region. The momentum bite

\

covered by this experiment was = 85 Mev/c and each event

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

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 the

angular distribution. (See Figure 16.)  In this connection,
the reaction pp + Ton°  is pure IG = 1-land seems to ' have a .-- .y.='.-='"-:

.1 1 .. --1./&i-I- - -        . .

very   different angular momentum composition 'than   the.-I»_1._
part  of  pp  + T+T+ (which  is  IG  =  lf).    ( See Figures  13  and  15.)

The |M112,angular distributions turned out to yield,s =
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 amplitude squared.  There is

considerable sensitivity to the relative normalization
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of the two.experimental input samples, particularly with

regardlto the magnitude of the coefficients of the Y31Y51

and Y5 Yl  terms.
What is clearly needed in order to search for possible

resonances in these systems is to complete the set of angular

distributions of pp + A°w° to enable us to perform the
separation into I=I 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 Will attempt

i
a more thorough analysis. .8

We/  atefully acknowledge the expert technical
/

assistance of Mr. T. Lyons and his group at Brookhaven
and Mr. A. Distapte 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.

--    ... ................ .,....,......

0

..·  It

\

, t.    •

C.

;



I                                                                                                                                                                                                                                                                                                                          --==

References

1.  B. Rossi, High Energy Particles (Prentice Hall, Inc.,

Englewood Cliffs, New jersey, 1962), p. 198.

2.  E. Eisenhandler et al., Phys. Lett. B47, 531 (1973),

and A. Astbury, private communication.

3.  H. Nicholson et al., Phys. Rev. D7, 2585 (for a general

expression for dc/dQ for 2 w annihilation).(1973)

4.  R.Jo Abrams et al.·, Phys. Rev. Dl, 1917 (1970).

5.  F. Bulos et al., Phys. Rev. 187, 1827 (1969).

*D

''.it.

.



Tables

I.        Cross section calculation

II. Legendre coefficient expansions for w°w° and
A-#  with isotopic spin decompositions

III. Amplitude decomposition of isotopic spin

angular distributions

1                                                                                                                                                                        -,
e

'1,

.

.

\

\



Table I

1.752 GeV/c

N
MCarlo Parents                                 1C     =                   X (R -R )X F X.Nowo N full empty corr

A°PH 2LGood Trigger

N               = 520.6MCarlo Parents

NGood Trigger = 11206

R    = 1.05 X 10-4ev/p
full

R -R  = 9.66 X 10-5ev/p
-6 f  e

R      = 8.4 X 10 ev/pempty

F     = (1.06) (1.019)- . (1.024) (1.0055)corr y conversion patten Dalitz Shrink

= 1.112

p   = 0.0708 g/ccH2

L = 9.2 cm *

a     = 12.85 + 1.2 vbTOTO

.

-

1
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1M+-=M°+ M Table II
..

M°°=   M °

...°(e)=M° (7T-e) M,(e) = -M'(77--e)

dJ+-
- (e) =IM°12+IM'12 + 2ReM°M'*dn I

,O

««--..«I  01  5    +     I  Ok   Pl      +     I O f'P Q/ even 1 even 1 odd

do   0 .C e)    =    1  M °12         =          I   a;  pldn
leven

de +-
- .flgoo = | M'12 + 2 Re·M°M'*
dA dn

.

=  I oj P,  +  I a,: pl
1 even f odd

/'.-tot  '        /  do  +-         do   00   dfl= 0-+--2 0-00UI=i = / (dn dA'41
4

*rfot =  3 cr °°v I=O

1.75 BeV/c Legendre Coefficients

1 0 0'0 1     01
al

.

al+ ai.+ak         a,;          al   #tb/sr

0 2.05+,19 7.85 + .17 5.8   .+.23
1               .67 t.34 .67 +.34

2         -.15 t.43 -.13 4.44 .2 + .55
3                          2.03.4.52        ·                 2.03 +.52
4                .78 + .6 5 0.   I t.6 6 -.68 f .83
5                                                                5.9 0 + .6 5 :      5.9 0  t.65

\6    -1.46 t.73 5.57 +.69 7.03.+.89
7                   .    -.32 i .73 -.32+.73 ..«== ./

....3,6-i<*----

8     4.32.+.89      72.8 +.8 8.48 f 1.06
9                          441: .8 .44.+.8
In - 2.46 2.92   -2.46 *.92

.:..2



Table III

Amplitude Analysis
(in pb/sr)

|MI 2 = (39.316)'Y4O12 - (59.6+7.7)|Y#OY2O|

+ (18.3+7)192012
2

Prob(X ) = 65%

jM112 = (22.1718)|Y5112 + (64.3118.9)IY3112

+ (80.3+7.9)|Y3O12 - (130.6+10.7)|YsiY31|- -

+ (117.4+28.7)IY51Yll|
2

Prob(X ) - 35%
..

2Re|MlMo*| = (53.9116)|Y40Yio| - (38.7112)IY20Y10|

+ (31.017.5) Y20Y30| - (3.317.5)|Y40Y30|

Prob(x ) - 75%
2

.
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Figure 4
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Figure 9.

Raw 77-07T' Angular Distribution
4 Gamma Events

(Background shaded)
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Figure 10

Raw 7T077-0 Angular Distribution
3 Gamma Events

1(Background shaded - includes 77-°gO)
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                                   Raw 77 077° Angular Distribution
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7T 0 77-0 Fitted Parent Distribiltions Figure 12
1.  I. .

(Histogram shows  33+ 4K raw data)
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Figure 13
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