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THE REACTION pn-~++(1238)~-(1238) AT 5.9 GeV/c'~ 

A. R. Kirschbaum and E. Colton 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94 720 

ABSTRACT 

+ -We present a study of the reaction pn-+p1T 1T n. The cross sec-

tion is found to be 4.75±0.25 mb at 5.9 GeV/c. Decay spherical har-

monic moments are presented for peripheral I Tz I = 3/2 TIN systems 

as a function of TIN invariant mass. The cross section for the quasi-

++ -two-body process pn-+~ ~ is found to be 1.90±0.14 mb; the di£-

ferential cross sections and isobar decays are also studied . 
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I. INTRODUCTION 

In this work we present a study of the reaction 

pn-+ .6. ++ (1238).6.- (1238) (1.1) 

at an incident proton momentum of 5.9 GeVIc. Previous analyses of 

reaction (1.1) have been presented 1 ' 2 at 3. 7 and 7. 0 GeV I c. Double 

.6.(1238) production data have been compared with the one-pion ex­

change model and the Bialas -Zalewski 
3 

quark-model predictions in 

studies of reaction (1.1) as well as in other reactions. In this anal-

ysis we simply present the data and compare with previous experi-

mental results. 

The reaction (1.1) data are studied in detail in the peripheral 

region. The possible exotic exchange process with the .6.- (1238) 

emitted in the forward c. m. hemisphere is not considered here. 4 

We present total and differential cross sections for reaction (1.1); 

in addition, we calculate the joint .6..6. decay density matrix elements, 

in order to help expedite any future theoretical studies of decay cor-

relations, etc. 

In Sec. II we discuss the experimental separation of the reaction 

(1.1) data from accepted kinematic fits of the reaction 

+ -pd -+ p S pn TT TT • (1. 2) 

The invariant mass dependences and momentum transfer dis-

tributions are illustrated in Sec. III along with the fits to these spec­

tra. The I T z I = 312 Jackson decay angular distributions are studied 

as a function of rrN invariant mass in Sec. IV. In Sec. V we discuss 

the decay angular dependences in reaction (1.1 ). Our conclusions are 

given in Sec. VI. 
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II. EXPERIMENTAL DETAILS 

The data for reaction (1.2) were obtained in an exposure of the 

Lawrence Berkeley Laboratory 72-inch liquid - deuterium bubble 

chamber to a separated 5. 9 GeV lc proton beam. Twenty-one rolls 

of this film were carefully scanned twice for all three -prong events 

and all four -prong events with at least one stopping positive track. 

These data, which we refer to as sample A, were measured on the 

LBL flying spot digitizer (FSD). The measurements were processed 

through the PANAL-TVGP-SQUA W Program system. Kinematic 

fits were attempted to hypothesis (1.2) as well as the constrained 

processes 

pd-+ pspprr 
-

' 
(2.1) 

pd ..... p pprr- rr 0 , 
s 

(2.2) 

pd ..... + -pdrr rr . (2. 3) 

In all fits except (2.3), the fitting procedure used the measured value 

for four-prong events as the starting value for the spectator (ps) mo­

mentum. Three -prong events are those with the spectator protons 

too slow (P::::: 80 MeV I c) to produce an observable track; thus, 

starting values of 0±30, 0±30, and 0±40 MeVIc were used for P , P , 
X y 

and P z' respectively. Fits were accepted only if the inferred pro-

jected length of the spectator track was consistent with the observed 

length. 
5 

Each passing (confidence level > 10- 5 ) kinematic fit was 

checked for ionization consistency. Events fitting both four-constraint 

(4C) and one-constraint (1C) hypotheses were assigned to the higher 

constraint class in all cases. For events fitting several 1C hy-

potheses, assignment was to the fit with highest kinematic confidence 

level (CL). 
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At this point, events assigned to reaction (1.2) sometimes 

involved a neutron spectator; since we desired events with proton 

spectators we required the fitted momentum of the slowest proton 

to be less than that of the outgoing neutron. Further purification 

of the surviving reaction (1.2) events was achieved by utilizing only 

fits with CL > 2o/o, and by requiring the invariant mass of the p n 
s 

system to be greater than 1. 886 GeV. This latter cut removed all 

residual coherent contamination [i.e., process (2.3)]. Finally, the 

fitted spectator momentum was required to be less than 0.3 GeV/c 

in order to minimize the contributions of double scattering. In 

this way a sample (A) of 2152 events of reaction (1.2) was obtained 

for further analysis. 

The fitted proton spectator momentum distribution for the 612 

four-prong events of sample A is displayed in Fig. 1(a); the smooth 

curve represents the Hulthen distribution 6 normalized to the data 

in the 90- to 100-MeV/c bin. The laboratory angular distribution of 

the spectator proton exhibited in Fig. 1 (b) is in fair agreement with 

the shown expected behavior of an isotropic distribution modified by 

7 
the flux factor dependence on the initial neutron direction of motion. 

Of course, distributions corresponding to those in Figs. 1(a) and 

1 (b) for the 1540 three -prong events cannot be reproduced by the 

curves in Figs. 1 (a) and 1(b). In fact, the fits characteristically yield 

very small spectator momenta, with outgoing neutrons parallel or 

anti-parallel to the fitted spectator direction. However, all com-

parisons between the three- and four-prong data of sample A (ex­

cluding spectator dependences) indicate a similar behavior. Thus, 

the 2152 examples of reaction (1.2) can be considered to result from 

pn collisions, viz. , 
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+ -pn- pn TT TT (2.4) 

The cross section for reaction (2.4) was obtained by normalizing 

the Hulthen distribution to the four -prong spectator momentum dis-

tribution in the 100- to 150 -MeV/ c region after correcting the data 

in this region for the various efficiencies, losses, biases, etc. The 

resulting area under the curve thus yields the total number of re-

action (2.4) events. In this way we obtained a cross section of 

4.75±0.25 mb for reaction (2.4) with a 5o/o Glauber correction. 
8 

Another batch of data, which we refer to as sample B, is used 

in parts of the following work when high statistics are necessary. 

This sample of data, which includes the events of sample A, repre-

sents 8008 reaction (2.4) events. The sample B data were selected 

with no ionization information and with no further CL cuts 

-5 (CL > 10 only). In the case of several fits of hypothesis (1.2) for 

one event, corresponding to an interchange of the TT + and "fast" 

proton, we use that fit with the greatest "fast" proton momentum. 

This procedure experimentally comes closest to effectively creating 

a fairly pure sample of reaction (2.4) events, especially in the 

peripheral region. 

In the ensuing analyses in this work all three- and four-prong 

data for reaction (2.4) are combined. 
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III. FITS 

Figure 2 displays the four nucleon-pion invariant mass dis-

tributions, as well as the mr + rr- and prr + rr- distributions, for the 

events of sample B. It is ++ -evident that D. (1236) and D. (1236) con-

tribute significantly to the final state, and that there are small 

amounts of D. 0 (1236) and D.+ (1236). A considerable fraction of the 

++ -final state consists of D. D. production, as indicated by Fig. 3. To 

determine the amount of this double delta production, we perform a 

maximum-likelihood fit in which we assume that the final state is a 

+ ++ - - + + -linear combination of the states prr rr- n, D. rr n, D. rr p, D. rr p, 

0 + ++ -D. rr n, and D. D. . The resonance shape used is one suggested by 

Jackson9 

F(M) 
M rq 

0 0 0 
q 

Mr(g) (3.1) 

where q is the decay momentum in the Nrr rest frame, and M is 

the Nrr invariant mass; M and q are the corresponding central 
0 0 

values of these quantities at resonance. The energy dependence of the 

width is given by 9 

[ 
2 2j 3 q + m 

r(qJ = r (q/q J ~ ; . 
o o 9 + m 

rr 

(3. 2) 

In this fit M and r were held fixed at the values indicated in 
0 0 

Table I, and only the relative amounts were varied. The events 

used in this fit were those of sample A, for which ionization informa-

tion was available. It was felt that sample A would afford the most 

reliable estimate of the resonant fractions. However, sample B has 

been used in all other parts of this analysis. 

Table I shows the results of this fit. The errors are simply the 

Monte Carlo errors obtained from the error matrix of this fit. The 

-6-

++ - . 10 f fraction of D. D. production corresponds to a cross sechon o 

++ - 2 
1.90±0.14 mb for the process pn-+ D. D. Shapira et al. find that 

. ++ ++ ++ -the cross sechons (] (pp-+ D. D. ), (] (pn-+ D. D. ), and 

9/2 <T(pp ..... tt+& ), when plotted against the incident momentum PL, 

h l •k p-2.5 0 • f A++A- d t• • be ave 1 e L . ur cross secbon or <-> u pro uc 1on 1s 

consistent with these results. The rr+p and rr-n invariant mass dis-

tributions as calculated from our fit have been plotted against the 

real rr + p and rr- n mass distributions (sample B) in Figs. 2 (a) and 

2(b), respectively, the curves having been normalized to the total 

number of events. As expected, the agreement is good. 

Following Shapira et al. 
2

, we adopt the criterion 

F(M + )F(M ) > 0.2 rr p rr-n 
++ -for selecting the cleanest possible sample of D. D. events. In 

addition, we restrict the analysis to events in which the D.++ is 

produced in the forward c. m. hemisphere. This sample contains 

++ -955 events and will be used in our subsequent analysis of D. D. 

production and decay in Sec. V, as well as in our fits to the dif-

ferential cross sections described below. 

In Figs. 4(a) and 4(b) we plot the differential cross sections 

I I ++- h d<T1dt andd<Trdt 1 respectively forD. D. events, where t' =t-tmin" T e 

d<T/dt distribution for 0.0 6 <t< 0.6 Ge..J was fitted to the assumed form 

(3.3) 

N = Ae -at+ Be -bt (3.4) 

by using a least-squares technique. A fit to da /dt' for t' < 0.6 GeV
2 

was performed by using the same functional form. The results of 

these fits are listed in Table II. The smooth curves drawn in Fig. 4 

represent Eq. (3.4), using the best fit values of the free parameters. 
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IV. I Tzl = 3/2 DECAY ANGULAR DISTRIBUTIONS 

In this section we study the scattering angular distributions in the 

I T z I = 3/2 TTN rest systems for low-momentum transfer from the 

. . h . + 11 1ncom1ng proton to t e outg01ng 1r p system. Using the method of 

moments, we calculate (Y~) and display them as a function of 1rN 

invariant mass for t < 0.5 Gev2. We take 

N M L YL (B.,<j>.), 
i=1 1 1 

(YM ) - .!. L - N (4.1) 

where e and <1> are the polar and azimuthal angles, respectively, 

of the outgoing nucleon in the standard t-channel coordinate system. 
12 

Corresponding data for both 1r+p and 1r-n systems are similar; thus, 

they are combined in this section. Since large statistics are required 

we use the sample B data. 

In Figs. 5(a)- (d) we display the combined L = 1-4 (Y~) mo­

ments. The smooth curves represent known 1r + p elastic scattering 

angular distributions; the curves were drawn through points cal­

culated from the CERN phase shifts. 13 In fact, these curves just 

represent unadorned one -pion-exchange -model predictions for the 

pn-+ (p'Tr +) (1r- n) data. Clearly, other considerations are necessary. 
14 

In Fig. 6 we show the nonzero-M 

for L values of 1 and 2. The (Im 

. db •t t• 15 requne y pan y conserva 1on. 

(Re Y~ ) and ( Im Y~ ) moments 

Y~) are consistent with zero as 

1 
The (Re YL) average near 

-0.03 over the entire range of 1rN mass. This result is also in-

consistent with unmodified one -pion-exchange -model predictions 

(zero). 
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V. L'l.++L'l.- DECAY CORRELATIONS 

++ -To study the decay correlations for L'l. L'l. , we adopt the for-

malism of Pilkuhn and Svensson, 
16 

as used by Shapira et al. 
2 

and 

Borecka et al. 17 We write the joint decay distribution as 
19 

16TI
2

W(n1 ,n2 ) = 1 + 2:: aifi(n1 ,n2 ), (5.1) 

i=1 

where the functions fi are orthogonal functions of the solid angles 

. 12 ++ -
n1 and n2. which are respechvely the t-channel L'l. and L'l. de-

++ -cay angles as seen in the D. and!::;. rest frames. The coefficients 

ai are written in terms of the joint density matrix elements. 

Table III lists both the coefficients a. and the functions f.. The 
1 1 

first 6 of these 19 terms specify the decay angular distributions of 

the single isobars, as can be seen by integrating Eq. (5.1) over 

first n
1 

and then n
2

. The J;emaining 13 terms describe the cor­

relations between the decays of both isobars. 

For reaction (1.1), there are in fact only 12 independent co-

efficients. Charge independence requires that the following coeffiCients 

must be pairwise equal: a
1 

and a4 , a
2 

and a
5

, a 3 and a
6

, a
8 

and a
10

, 

a
9 

and a 11 , a 14 and a 16 , and a 15 and -a1 T 

We have evaluated all 19 coefficients a., using the method of 
1 

moments for four bins in t' over the range 0 < t' < 0.4 Ge.J. Since 

the coefficients predicted to be equal are in fact so within errors, 

these pairs of coefficients were averaged and plotted along with the 

remaining ai in Figs. 7 and 8. Simple one-pion exchange predicts 

h 1 1 t at a 1 = a 4 = - 2 and a 7 = 2, with all other ai equal to zero. In 

fact, a 1 and a4 are significantly different from the predicted value 

2 
throughout the range 0 < t' < 0.4 GeV , and a

18 
is non-zero at 

small t' . The remaining ai are consistent with the predictions, at 

least for small t' . 

,., ·~ 
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The single-isobar moments of Fig. 7 may be compared with 

those found by Shapira et al. 
2 

for reaction (1.1) at 7 GeV/c. The 

agreement is generally good. They present the double-isobar mo-

ments in a different fashion than we do, and direct comparison is not 

feasible. 
17 However, Borecka et al. present plots of the 12 in-

. ++ ++ I dependent moments for the reactwn pp __,. t:::.. t:::.. at 12 GeV c, and 

they are consistent with the moments shown in Figs. 7 and 8. 

In Fig. 9 we plot the single -particle decay distributions cos A and 

<!>for t:::.. ++ t:::..- events having t' < 0.4 GeV
2

, where the corresponding 

distributions for each isobar are plotted together. The curves are 

respectively W(cos e
1

) + W(cos e
2

) and W(<!>1 ) + W(<!>
2

) normalized 

to the total number of events, where 

2 
W(cos e)= i [ 1 - (p

33
-p

11
) (3 cos e-1)] 

W(<j>) 
1 4 

21T [ 1 -
.[3 

(Rep 3 - 1 cos 2 <j>)] . 

(5.2) 

Equations (5.2), which represent the decay of a pure spin-3/2 particle, 

were obtained by integrating Eq. (5.1 ). The density matrix elements 

in Eqs. (5.2) were obtained by averaging the results of Fig. 5 over 

the range 0 < t 1 < 0.4 GeV
2

. 

VI. CONCLUSION 

+ - d We have presented data on the reaction pn __,. p1T 1T n, an in 

• , f A++ A- d t' particular on the subsample of events cons1shng o w. w. pro uc 10n. 

The total cross section and differential cross section da /dt' are con-

sistent with results of other workers. The decay spherical harmonic 

moments are seen to be incompatible with simple one-pion exchange. 

++ -We have also analyzed the joint decay properties of the t:::.. t:::.. system 

and have presented the results in terms of the joint density matrix 

elements, which are consistent with those found by other workers. 
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Table I. Results of maximum likelihood fit of reaction (2.4) 
as described in text. 

(a) Resonance parameters used 
in maximum likelihood fit 

Mass (GeV) Width (GeV) 

A++ 1.236 0.120 

A+ 1. 236 0.120 

1.240 0.150 

1.236 0.120 

(b) Amounts determined from 
maximum likelihood fit 

State Amount (o/o) 

Non-res. 9. 0 ± 2.1 

++ -A iT n 8. 2 ± 1. 5 

+ -A ;r p 9.0±1.1 

A ;r p 14.3 ± 1. 7 

A 0 ;r+n 19.4± 1.3 

A++ A- 40.1 ± 1. 6 

Table II. Fit of t and t' distributions for A++ A- events to the 
assumed form N = Ae-at + Be-bt. 

Quantity t distribution t' distribution 

t(t' ) range (GeV 2 ) 0.06-0.60 0 - 0. 60 

2 
18.1 39.8 X 

No. points 27 30 

A 269± 64 139± 26 

B 65±25 100±13 

-2 
a(GeV ) -16.3±4.8 -39.2±11.7 

b (GeV- 2 ). - 4.6±0.8 -7.0±0.5 

t 

~ 

y 
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Table III. Joint decay distribution for pn _.. t:;. ++ t:;.-. Barred angles refer 
to e:,.++. For explanation of other symbols, see Ref. 16. 

Term 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

a. 
1 

33 11 
p -p 

R 31 
ep 

R 3-1 
ep 

Rep3-1 

33 11 
P_ -p_ 

R 31 
ep_ 

R 
3-1 

ep_ 

Rep~ 

Rep~ 1 
31 -1-3 

Re(p31-p31 ) 

31 -1-3 
Re(p13 -p13 ) 

3-1 1-3 
Re(p31 +p31 ) 

3-1 1-3 
Re(p13 +p13 ) 

31 -1-3 
Re(p3-1 -p3-1 ) 

31 -1-3 
Re(p -13 -p -13 ) 

3-1 1-3 
Re(p3-1+p3-1) 

3-1 1-3 
Re(p -13+p -13) 

f. 
1 

i ( 1-3cos
2 e) 

-5.f3 ( - -> --8- sin28cos<j> 

-sy;- ( sin2ecos2~ > 

2 ( 1-3cos2 e) 
4 

-S.f3 ( sin28cos<j>) -a 
-sy;- ( sin2 ecos2<j>) 

50 
Tb 

( 2 2- > (1-3cos 8)(1-3cos 8) 

-2~'[3 ( (1-3cos 2 8)sinz"ecos~) 

- 2~F ( (sin2ecos2~(1-3cos 2 e)) 

- 2~r ( (1-3cos
2

e} sin28cos<j>) 

- 2~F ( (sin
2

ecos2<j>(1-3cos
28)) 

2~~ ( sin28sin2ecos(<j>t7ji")) 

2~g ( sin28sin28"cos(<j>-~}) 

225 ( 2- - > % sin28sin 8cos(2<j>tcj>} 

225 ( 2- - > 96 sin28sin ecos (2<1>- cj>) 

225 
% 
225 
96 

75 
32 

( - 2 - > sin28sin Bcos (2<j>tcj>} 

( - 2 - > sin28sin 8cos(2<j>-<j>} 

( 2- 2 - > sin Bsin 8cos2(<j>t<j>} 
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FIGURE CAPTIONS 

Fig. 1. (a) The fitted spectator momentum distribution for Sample A. 

The curve is the Hulthem distribution normalized to the data in 

the 90- to 100-MeV/c bin. 

(b) Laboratory angular distribution of spectator proton. Curve 

is the expected isotropic behavior modified by the dependence on 

the initial neutron direction of motion. 

Fig. 2. Two- and three-particle mass distributions (sample B data). 

Curves are the result of a fit described in text. 

Fig. 3. 

Fig. 4. 

+ -
TT p mass versus TT n mass (sample B data}. 

The differential cross sections (a} d<T /dt and (b) d<T /dt' for 

++ -!:;. !:;. events. The curves are the results of least-squares fits 

described in the text. 

Fig. 5. The moments (Y~), L = 1-4, for events with t< 0.5 GeV
2 

+ -The rr p and TT n data are combined. 

Fig. 6. The moments (Y~) , M -:f: 0, L = 1, 2 for events with 

2 h + -t < 0. 5 GeV . T e TT p and TT n data are combined. 

Fig. 7. Single isobar moments for !:;. ++!:;.- events. The following 

moments have been averaged and plotted together: a 1 and a 4 , 

a
2 

and a
5

, a
3 

and a
6

. 

Fig. 8. Double isobar moments for !:;. ++!:;.- events. The following 

moments have been averaged and plotted together: a 8 and a 10 , 

a
9 

and a 11 , a14 and a
16

, a 15 and -a17 . 

Fig. 9. The Jackson angles (a) cos e and (b) cj> for !:;. ++D.- events 

having t' < 0.4 GeV 2 The corresponding distributions for £:;. ++ and 

D.- are combined. 
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r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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