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Summary
. . - - + - ; .
A study of 3638 events of the reaction pp » ppn n at 5,7 GeV/c in

the 81 cm Saclay Hydrogen Bubble Chamber is reported, The measurements were

‘made with the CERN EHPD system, The cross section for the channel

p§ - p§n+n“ was found to be (3,31 x O.l6)mb. Abundant associated production
* =
of I__(12338) U
53\ 1258 s

pp - ng ﬁ?B is (?.08 ~ 0,14 )mb which corresponds to (63 * 3) 36 of the

total cross séction for the studied channel,

(1238) has been observed; the cross section for the process

The production mechanism of N*B *3 has been investigated and the
experimental results compared with various predictions of the one pion
exchange model modified o take into account absorption in the initial and
final states (absorption model), The slope of the differential cross
section is rather well reproduced by this model, the experimental value is
however exceeded by a factor of about three, The decay parameters of the
joint decay distribution have been measured and found to be in a reasonable
agreement with the theoretical predictions., A small correlation between the
decay angles of the N and §§ respectively of 0,10 : 0,04 has been found

53 33

and is in agreement with the prediction of 0,05 from the absorption model,
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1., Experimental Procedure
I Nt

s o

The 81 cm Saclay hydrogen bubble chamber was exposed to a separated
beam of 5,7 GeV/C antiprotons from the CERN proton synchrotron. The pion
. s P 1 o .
and muon contaminations of the beawm were 2 and 6 /6 respectively, Each
Frame ntai ¢ TOTOE 14 bean t s ™" - o int actions
frame contained, on average, 14 beam tracks., TFour-prong interactions
LI} ] 2 o 3 i 3
(without accompanying V) were selected for measurement with the CHRN HPD
system, Out of about 21,000 events attempted 19,100 could be successfully
reconstructed after a single rcmeasurement of events which failed in the

first pass through the system.

About 900 events of the total sample were also measured with IEP
measuring projectors, A comparison of the results obtained with the HPD
and with the conventional methods has been made, the details of which are
given in Ref, 1., In tihis comparison sample, those events which were not

accepnted Tor physics from the HPD measurements were. investigated for any

bias with respect to the accepted part. o bias could be detected,

The events were processed vhrough the chain of CERN computer
programmes for analysis of bubble chamber pictures, Ionization measurements
from the HPD were used together with kinematics in the identification of
the events,

Of the many final states which are possible, we have so far studied

the following

oc

i
+
i
1

DD ety . (191 events) (1)
oD - ppm T (3638 events) (2)
oD - p?n+n'ﬂo (2312 events) (%)
op > pomw n end C.C. (1584 ovents) (4)

Iivents were congidered to belong to the four constraint channel (2)
2

4

ionization was in agrceument with the chosen hypothesis, TFor the small

~

. , . . R : . o) .-
if the kinematical probability (Py was greater than 1 /o and if the
£ o c

number of events which had an ambiguity concerning the negative
5 v %] &

the fit with the higher probability was chosen,

P3/5496/dmh
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An 1QVost1gwtlon of the four »ion cnannel (1) has already been
( 3 m . = 0, , . (%)
The reaction pp - p{n © 1 is treated in a scparate paper
. . . o - - ® ~$ o
with the emphasis on The throe body Llﬂ&l states ppw, ppn and 753 33 T .

ik
Tho producclon of tno 4oc“ooa isobors_N (1518) and N*(l688) and their decaJ

(4)

charactoristics has also been studied . In the present paper the reaction

__publlshed

pp » ppr m will be discussed, especiclily the production mechanism for
L =T s s . s 1
o, N This process has been studied previously in the momentum range

3,25 = 7 Gev/c(5“8).

2. Cross-gections

. . . - -+ - _
Out of 19,100 events, 3638 fitted the react;on PP » ppnom glving

' s Y. ok - . . i
o cross-section of (3,31 = 0,16) nb, This agrees well with that of

(1) (

(3.18 i‘Q.ZO) ﬁb obtained by the Bonun-Hamburg-iiilan collaboration here~
after refcrred to as the B-IH-II collaboration) at the same onerg . The cross
gection valuc was obtained froﬁ.the total 4—-prong cross soctionv(l7;3 x 0;7) mh
which was det rulneo from oaru of the ovailablo film. The error oonsists'of

the stotistical error coming aalnly fron the tOLul 4—pron@ cross—soc»1on, and

g‘)

the uncertainties due to channel seg T“LWOn

S

In Fig, 1 we have p]oi‘e_ a scatter diagram of the invariont masscs
N 4 . e 5 . . o 3E . .
of the (pn ) and the (pn ) systome, The production of N33 and its anti-

particle is easily detected aos o strong cluster in the. overlap region of the

. » - . a2 : .
two bands centred ot o mass value of about 1215 ﬂeV/c on each axis.

- . N s e o =% L
In order to estimate thoe cross section cof the N33 N33 production we assume

that the final state can be described with the following non-interfering

chonnecls ¢ -

&) D - sz ﬁé3 (double isobar production)
-

D) pp H3 prn - (single. isobar. production)

. - '?'::E /

c) Pp > PW LBﬁ \ - )

N = o

a) PP - PT DR (non~rosonapt baclks round)

PS/5496/dmh
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To determine the relative 1roquoncy of each channel (a - q) e

; . . . : JEE
followcd the »roccdure of Terro-Luzzi ot ol, in Their paper on K 1T -
production in X p rcoctions at 3 G JVV/C( ). ¢ do not give the full description

)

of the method here since this is done in the above mentioned paper in a

compléte way. The resonances are described p] , p~wave relativistic Breit-

Wig sner distribution(lo)
DT~ : o : (e
b 2 22 2 (5)
J R S I’LHEE> + L1 J."lIPE
3 .
Q. (1+D (ux))
R i e R e X ) (6)
on Vi P pn -

. ' o . * :
M % and TN% are the intrinsic mass and width of the N, qu is the relative
1 , 7

momentum between the micleon and the pion in the pr rest frame, The factor
Dl'isbdefined by the eQuation D1 = (q '. r) r being the interaction radius
of the pn—syéﬁem. A1l non-rcsonant concrlbaulons'are assumed to follow their
phase space, It should be nentioned that we use a different Tormula to that
of Ferro-Iuzzi et al, for the ergy dependence of the width, Their

expression contains a factor of the type

I o 2 :;2 vr2
(1:? . _“p_) - ]\, ’ I %
2 . 2 2
. (L + 1 - N
S (12 + dp) L

1+ Dj(m*)
1 bl(m

instead of j' . The former approach is found from lowest order

Tt

perturbation theory, the latter comes from nuclear reaction theory. A

further discussion of this problem is given below,

The distribution function of the events over the kinematically
allowed region can be written

=T T % + £ %, F % + T=%, Tk - - f ek = f% = f=%) , P =+ = (7
lN!ﬁﬁ' Hiﬁi A fmf ENX * lﬂf Mm* i (l N*NEE N ﬁf> lppn i (7)

where the f's are the fractions and F's the distribution.functions, i.e.
Breit-Wigner functions and phasc space of the events for the different

channelg (a—d).

PS/5496/dmh
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A 1likelihood fit was made in order to determine the fractions, the
masses and widths of the Breit-~ligncr functions and the interaction radius
of the pn systenm, This gives ~ totel of 8 parameters, If we involke charge
conjugation the number of paremcters rcduces to 5, The results of the 8-

paremcter it arc given in Table T,

Concerning the e¢rrors, the following comment has to be made, Tn all

3

attempts to find a reasonable fit to the data we found that the most

o

sensitive point was the type of the Breit-Wigner function., Using for

o

instaonce, the same type of formula for the cnergy dependence of the width
ag Perro~-Iuzzi et al,, no acceptable fit could be obiained (PX2 <0,1 36).
In view of this fact and the uncertaintics in some of our assumptions e,.g.
the phase space bohéviour of the non-resonant contributions and the aobsence
of interforeﬁce, the errors of the fitted parameters should be treated with
coution, From the variction of thosc parameters when using different fitting
procedurcs we find it justified to increase the fitted errors by a factor of

two, and it is these enlarged errors that are given in Teble I,

L w3 . !
The paramcters for N33 and N3° agrec with cach other recasonably well,
. 2

The mass values are however considerably lower than the accepted onc of
2(11)

+ -\ W R . . . a
(1236.0 - l.b) ch/c , which is bescd on the phase shift analysis of

clastic scattering data, In production.experiments the mass values and

widths vary with the type of rcoction and C.M.S, cnergy and in general the

, , (9,12)

mass value turns out to be lower than the accepted one . This faoct

10)

has been discusscd by Jackson ~ 7 who showed that modifications of the

Breit-Wigner formula coan result in o shift of the fitted mass to o highoer
value., Had we not uscd the formule (5) put instead, an s-wave non-rclativistic
Breit-Wigner, thc value of the mass obtained would have been 1215 instead of

1223 MoV /",

hetween the measured and fitted distributions shows a

) G ¢ . ~ , . . + ‘ — -
ratematic excess of events atv siall magscs of the (pﬂ ) and (pn') syvstens

b). This discrepancy is what onc

o8

above the fitted distributions (Fig. 2a an

P3/5496/amh
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might imagine could arise from the peripheral nature of the reactions
(a—d). Wc have tricd to account for this by inserting a factor, being

essentially a weight to each event according to the four momentum transfer

|

distribution, which modifies the phase space part of the distribution

functions, This phasc spacce modification however neither leads to a better

. 2 . " . !
fit a8 judged from o y“= test nor gives any considerable changes in the
fitted values of the parameters,

The frequency (6 ) /6 for double production corresponds to a

cross section of (2,08 0.14) mb, The cross section for single production

. N o an . , ..
is 2 x (0.39 - 0,07) mb, The 3,H,1I collaboration has obtained & cross
/
. ~ . - + N . ,
scction for double production of (1,28 = 0,11) mh ), which corresponds to

all events in the "double isobar region” in that work defined as

. | 2 . . s .
1130 < EDT+, M§1~ < 1330 MeV/c , According to our fit therc is however a
OTL 7
. . e s / o , . . .
considerable contribution (~ 40 ,6) to the double production cross section

3N

coming from outside the so-called double isobar region, In fact what can

r)

be distinguished as bands zoing out from the strongly populated region on

Fig, 1 is partly due to double production, Other groups have studicd the

same reaction at different energies but due to various methods of analysis

it is difficult to extract reliable information on the variation of the

1;3 ﬁ§3 cross section with energy. Thus ot lower energies TFerbel et al.(o)
obtain o (pp - ponw ) = (3.45 ¥ 0.23) mwb ot 3.28 CeV/e and (3.67 & 0.30) b

at 3.66 GeV/c, The frequency of double production was found to be about
Y \ o o
80 /6 and corrcsponde to o cross section of 2,8 mb, where the figure of 8 ,b

ace and

,...)

th various admixtures of phase

ot
"~'i
P
<

was obtained by comparing the data sp
| ] . : (6)
g~wave Breit-Wigner resonant functions The result of Dehne et 21,

: . - -t - . . a s
%,60 GOV/C is olpp = ppn 7w ) = (3,81 = 0.23) mb with a double production

cross scetion of (2,1% x 0,13) mb or 56 ,6 of the total pﬁn T cross scction.
These figurcs are based on counting events in a certoin "double isobo

region’ defined os 1130 < Ml s Eﬁﬁ < 1330 MeV/oz. At 6,94 GeV/c Ferbel

et al.(o> claim that double production can account for about 50 ,6 of th
reaction po - n5n+n~, the cross scction of which is (3,0 : 0.7) nb, Thus due
to the different methods of anelysis it is clearly difficult to extract
reliable information on the veriation of the H§3 ﬁ§3 cross scction with

energy.,

PS/5496/dmh
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3. Production'mochanism of the reaction pp - “H3 33

30ls Production angular distribution

For the detailed study of the production mechanism of N33 -§3 we

define the double isobar region in the following wey :

=i

1150 < Mpn+ s Mﬁnm < 1350 MeV/cg. This region contains 1404 cvents, 94 36
of which are due to double production, the rest being 5 36 single production
and 1 36 non—resonant background, The production angular distribution

for the N33 37 events shows the typical peripheral‘feature, N* being
sharply peaked forward in the direction of the proton, N backward in the
direction of the incident antiproton, In the following sections we compare
the experimental distributions with various predictions of the absorption

model,

Fels t-distribution

Pig., 3 shows the t=distribution for the events in the double isobar
region, t Dbeing the four momentum transfer from the proton to the <pﬁ+>
system (or from the antiproton to the (§n~) system). The dotted line
indicates the corrected ex oerlmortal distribution after taking into account
the fact that 40 36 of the contribution to the process p§ - N33 ﬁ§3
cones from outside the double isobar region defined in the text.

(13) (14)

Following the theory of Gottfried and Jackson , Ovensson has
O

H"-#\

calculated the effect on the differential cross section for pp - I

H:\N

| 5 733
of the absorption in the initial and final state due to competition from
other open chamnels. The full curve on Fig, 3 shows the absorption model
prediction, This model reproduces rather well the slope of the dif ferential
cross section. The experimental value is however exceeded by a factor of
about 3, The absorption model also predicts the energy variation of the

total cross section, However, as mentioned above, the experimental

situation is somevhat confused and does not warrant comparison with theory.,

PS/5496/dmh
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Finally it should be remarked that the absolute value of the slope.
R . . . . - * =% .
of the t-distribution for the reaction pp - N33 N”B is considerably
: 2

smaller phan that of the corresponding elastic reaction i,e. for pp - pp.

'

Our best fit value of ~(6,0 x 0.5) (G‘eV/c)-2 is found by fitting o distribution

-Bt
of the type F(+) = A ¢ to the data of Fig. 3 in the t-intervel

1 T 2 . LI
0,125< -t < 0,5 (GOV/C) . The slope limit corresponds to -t . for

min
H3u+ Y, - o= 1350 MOV/C . The slope for the elastic reaction is
s T
(12,0 = O W) (”OV/C) at 5,7 V/c, incident momentum in the -~t-interval
. ' 16,1
0,015 -~ 0,285 (GeV/c) (l ), This result is in contrast to the observation< ’ 7>

that for many quaci two-body reactions the slope turns out to be about the

game ag for the corresponding elastic reaction.

stri DL; blOl’l

The decay angular distribution of a 5/& isobar decaying into a nuclcon

and a plon con be written, in a model independent manner, as

. % 1 \ 1 - 2
T @ R i 1 - - . y
i(cos 8, 2) et I (3 ‘pll/ 5 (1 ‘4pll> cos &
-7 Re p, 31n29 cos 2 @
'\/3 Jy=1
2
- R s 10
’\/3 ' p3yl ( )

where € and ® which are defined in the isobar C,o0.l. are the angles
introduced by Jackson (Fig; 4), & is ecquivalent to the Treiman~Yang angle,

The quantities Re p., and & are matrix elements of the spin
5

(B

ne
P11 ,=1 P31
density matrix, with indices of the type 2 m, 2m', where m and m! are
‘magnetic quantum numbers, These so~called decay paramcters can be delermined
from the exnerimentel distributions of @ and &, A straightforward wey of doing

this is to integrate over the angles 8 or ¢ malking use of the fact that the

angulor functions in (8) are orthogonal so the decay parameters can be

!._'

evaluated as experimental mean velues, for example we find for the Uﬂ with
T 33

C

1., i . =
the decay angles 6 and 6(1 nd the same for h?3 with 6 and @)
J/

P5/5496/dmh
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-9 =
Re pB’,-l - EAE;E <si1129 cos2 €§> (10)
Re P5 = —'%53 (Finzg cos & > (11)
The unmodified one pion exchange model predicts Pry. = 0.5,
Re p3’_1 = 0 and Re p3 1= 0 which corresponds to a distribution in cos &

of the type 1 + 3 cos 6 and an isotropic distribution in & . The
corrections for the decay parameters introduced by the absorption model have
been calculated by Svonsson(l42 Fig. 5 (a,b,c) shows the experimental values
in the double isobar region, e have invoked charge conjugabion and taken
the average for N§3 and ﬁ§3. The so0lid curves represent the predictions of
he absorption model., The cxperimental values have been corrected for the
influence of the background by evaluating the parameters in a control region,
70 HeV/02 wide, surrounding the double isobar squarec. In most cases the

correction could be neglccted,

Fig, 62 shows the distribution of cos 6 and cos &, Fig, 6b that of

g '

3 and & for all events in the doublc isobar region, The shaded parts of the
lots represent events not corresnonding to double production, and have been

1Y I T 2 ¢ s

gsubtracted from the total sample, The shape of this background has becn

~
a

obtained from studies in the control region. The solid curve on Fig, 6a
represents the best

W(oos G) = L

it of the distribution function
i 1 2
! 3 4pll) -5 - 4911) cos @;J . (12)

i
2
2
+
with o fitted value of Pry = 0.34 - 0,0L, The fit turns out to be good, the
probability Xz being about 50 36. The value of the P11 —parameter’dgrees
with the average value of qu.for a1l t-intervals calculated with the
formula (9). W(oos 9) (formula 12) with pl = 0,34 corres?onds to a

distribution in cos 6 of the type 1 + A cos © with A = 0,65, Thus the

effect of the absorption in the initial and final state of the reaction
% "f . ~ . 0 . e r-’ =
pp - N33 N is to rcduce A from 3 to 0,65, The distribution of & and &

(Fig. 6b) is consistont with isotropy.

PS/5496/dmh
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. (18) | . ) . "
Pilkuhn and Svensson have pecinted out that by using the joint
. s . = = PR 3 =%
decay distribution W(cos 8, cos 8, &, @ ) of N_, and I one can extract
? Y 33 33
mnore information than by studying each decay separately: . the latter method

gives, as can be seen from eguations 9 - 11 above, 6 parameters, 3 for each

decay while the former procedure gives 13 additional parameters, These may
be evealuated in the same way as the separate parameters, The formulae are
given in anpendix I, The experimental data and theoretical predictions from
the absorption model are shown in Fig, B(d—l). The overall agrecement is
good but the experimental errors are obviously too large to allow a serioﬁs
test of the model with these parameters, The unmodified one pion exchange
model predicts that the parameters on Fig, 5 (d-k) are equal to zero except
for the last one Fig, 5 (1), which is expected to be‘%.
A further prediction of the absorption model is the existence of a
?3 and the ﬁ;? in the decay angles

8 ond @, By meking a likelihood fit of the joint decay distribution of

correlation between the decays of the I

~

cos © and cos © the correlation porameter has been determined for different

t-intervals., The joint decay distribution may be written
, = 11 , 2 2 =
W(cos @, cos 8) = Zw f1+ (1 - 3 cos O)a§ {1+ (1 -3 cos Q)a}
B

+ (1 =3 cos” 8) (1 -3 cos” 8) (b - az):] (13)

1
i aQ = "7 - 1
with a =% - 20, (14)
1 3 11
and b =3 (pé, -0 ) : - (15)
33 11 . . . . . - e
p_~ and p__ ore functions of certain matrix elements of the joint spin
density maﬁrix(lo). he absence of a correlation between the decays of the

NfB and ﬁ§3 would mean that the joint decay distribution in cos & and cos 6

5

can be written as a product of the simple distributions (formula 12 with
1 1 . L . - s

= Z’» = a for cos € and cos @ rcspecc1vely). The condition for this is

P11 2"y !
obviousgly b = a = 0, The value of the correlation parameter b ~ a for

n

different t-intervals is shown in g, 7. The prediction of the absorption

model is 0,05 for all production angles, COur mean value over the whole

PS/5496/amh
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. + , .
t~range is 0,10 -~ 0,04, which supports the observation made by other. -

(13)

groups and is in agreement with the prediction of the absorption model.

Conclusions

: : ) ’ : -~ -+ - .
I, The cross section for the reaction pp - ppn m at 5,7 GeV/c is found
+ , , . . E L . . .
to be (3.31 - O.l6)-mb. An abundant production of N33 in pair with its

anti—partﬁcle has been observed; +the cross section for the process .

. ) +
pp - H35 33 is (2,08 * 0.14) ub which corresponds to (63 - 3) 36 of +the
total cross section for the studied reaction, The single production cross
section is (0,66 % 0,14) mb. o ‘

~i "* ' R '. e
The Breit-Wigner fit of the H3w and N33 gave the following results
3 ;
mx = (1221 T 3) nev/e® rax = (104 T 9) Mev/c”
_ + 2
Mt = (1224 ¥ ) rzev/c2 i U= o= (117 - 11) MeV/c® ,

IT., The one pilon exchange model, modified to take into account absorption
in the initial and final states is able to reproduce fairly well the slope
of the differential cross section for the reaction pn -> N33 ~3ﬂ, the
experimental value is however exceeded by a factor of about three,
Concerning the energy veriation of the total cross section, the experimental

gituation is unclear,

IIT. The decay parameters of the joint decay distribution heve been
measured and found to be in reasonable agreement with the theoretical
predictions of the absorption model, However, only a few parameters

el P17 Re p.. 1 and Re p3,*1 have small enough errors to allow a serious
test of the model, Tor iy the deviation from C.5 (which is the prediction
of the unmodified one pion czchange model) is statistically significant

and in fair agreement with the absorption model.

. , ; PR 3 =F
IV, A small correlation betwveen the decays of N33 and N33 in the decay
angles 6 and & has been observed, The experimental value for the
o . 2y . + . .
correlation parameter (b - a } ig 0,10 = 0,04 which agrees with the

prediction of 0,05 from the absorption model,

PS/5496/dnh
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e + o = =

t (p—l,S P.1,3 ) 2
.

Re p_‘)j,i = - 5‘}? <cos 2

Re

Re oz - -0 ¢
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APPEIDIX I

e e R R

decays parameters,
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2
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o

Lcos 2 (8 =~ 5)>

(1L -3 0082 9)>

(1 -3 cos2 5)

?
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cos 5) gin 2 8 cos 5)

cos @) sin 2 8 cos §>

%(sin 20 sin 2

225

e

N
w0
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)
N
(5]

yr {;sin 29 gin 2

<sin 28 sin 2

sin 2

w
x.J .
5
N
©
0
!"‘
=]
n

Ol

(ol

cos

cos

cos

cos

cos

3§§2<:sin 26 sin 25 cos (8 +8))

(@ - 8)

—
N
(=]
+
el
~—

AV

(28-3))

I'or notations see ref, 18.

(£1)

(a2)

(43)

(24)

(45)

(46)

(a7)

(a8)

(19)

(410)

(A11)

(A12)

(a13)
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[ baremeter | ritted Valme |
o ] (i221 T 3) MeV/02~b
. - (104 ¥ 9) mev/c?
ti (1224 T 3) 1ev/c?
Pt | (117 ¥ 11) mev/c®
£ (11 £2) %
£k (10 £ 2) %
£ e (6313 %
r (1.9 x 0,5) Permi

‘XZ' o 46 for 34 degrees of freedon, (pvzﬂle 36)‘

N.B. as mentioned in the text, the quoted errors

are twice those found from the fit procedure.
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S s o s o P +
Scatter diagram of the invariant masses of the (p n ) and
(p ) systenms,

The experimental and Fitted distributions of the (p n+)
system, The curve a) is the total distribution, The

curves b) - e) show the contributions from double production,
single production N§3§ n and pn+ﬁ§3 and non-resonant back-
ground respectively, The fitted mass and width of the peak
is (1221 & 3) MeV/c2 and (104 * 9) 1eV/c2.

The experimental and fitted distributions of the (p m )
system, The mass and width giwen by the fit is (l 24 % 5)

MeV/c2 and (117 £ 11) Mev/c?,

)
2

t—distribution for all events in the double isobar region
defined as 1150 < Mpn™, Mpn~ < 1350 MeV/cg. The dotted line
indicates the corrected differential cross section accounting
for the fact that 40 96 of the double production comes from
outside the double isobar square, The full curve shows the
prediction from the absorption model,

Diagram showing the definitions of the angles @ and @ in the
rest frame of 1% (N* ). The Z-axis is along the direction

Z2

330t L 1+ PO
of the bean or oarge‘Bpartlclqs and the Y-axis is the pro-
duction normal defined as

Ps ow ¥ PRE o

The decay parameters ¢f the joint decay distribution with
experimental points for different t-intervals, The curves
show the predictions of the absorption model,

The cos 6 digtribution for all events in the double isobar
region., The curve is the best fit curve of the decay angular
distribution (12) with Prq = 0,34, The shaded part shows the
background events, -

he distribution of the Treiman-Yang angle for all events
n the double isobar regicn., The background is indicated
with the shaded part of the diagram.

+3

e

L , 2 . .
The correlation parameter b - a for different t-intervals,
The straight line shows the prediction of the absorption
model,
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