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ABSTRACT

We present cross sections for coherent and non-coherent production of one, two and

three pions in pd reactions at 19 GeV/c. The mass distributions of the two pion non-

coherent channels are studied. Strong single A(1236) and also some double 1 pro-

duction are observed. Clear evidence for p production is seen.
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1. INTKDDUCTloN

In this paper we present some results from a bubble chamber study (>f <;n'-. two and

three piuit produition in pd reactions at 19 GeV/c, obtained from .'t-j-ronn :»nd I-

prong lopolouifh. This investigation represents an extension to pn u\<) '-ohi-rcnt pii

n.1! of our earlier studies of pp reactions at l'J 'leV/c 1 .

Some results based on parts of the sample have been published earlier Z ,.

The combination of pp and pn data at the same energy offers many ariv s t a g e s anil

r. * possibilities, e.g. a sufficient cumber of charge channels art- available to

isolate the isospin content of the amplitudes for single pion production -a_.

The plan of the paper is the following: Section 2 contains the details of the experi-

mental procedure; the data processing, the treatment of ambiguities and the isola-

tion of data on free nucleon scattering. In section 3 we evaluate tht- channel cross

sections, the corrections applied to obtain free pn cross sections and a discussion

of the energy dependence of the various cross sections. In section S some general

features of two pion production are presented.

2. E X P E RIM K NT A L PROC E DU K E

2.1 Data processing

The data presented in this paper are based on a 200 000 pictures exposure of the

CERN 2 m bubble chamber filled with deuterium to a proton beam of momentum

19.1 GeV/c. The film has been scanned for all three-prong events and for four-

prong event» with a spectator candidate, i .e . a heavily ionizing track stopping in

the chamber with a projected length less than 22 cm. In part of the sample we have

scanned and processed the full 4-prong topology. The film was double scanned with

a combined scanning efficiency close to 100 %. The events recorded (50 000 events)

were measured on the Danish-Swedish Spiral Reader [3] and processed through

the filtering programme POOH and the standard CERN THRESH-GRIND-SLICE

chain of programmes. __

«0 % cf the recorded events were successfully measured and processed through the

programme chain.



The eu>m> h:uo boen fitted to the following channels:

p»i - p p p ir

- o
pd - p p p it n

pri — p p n n rr

pd — p d tr tr

•"• - o
pd — p d ir ir it

• + -
pd - n d it it ff

(2)

.3)

In GRIND the unobserved positive track is treated in the standard way, i .e . an un-

observed proton track is in the fit assigned starting momentum component»

p =p = p /1 .37= (0 ±30) MeV/c

and with twice these er rors for an undetected deuteron recoil. This procedure is

reasonable for a spectatorlike particle as the undetected proton is likely to be. Also

for a deuteron recoil the procedure is found to be an acceptable way of dealing with

a particle having too low momentum to be detected in the chamber [4] , see also

section 2.2.

Reactions (1) and (4) correspond to four constraints fits for 4-prong events and

pseudo-4C fits for 3-prong events. The other reactions are likewise fitted as 1C

and pseudo-lC fits. Multineutral hypotheses (0-constraint fits) have not been tried.

In the kinematic programme we have applied a \ -probability cut-off of 0.1 % and

1 % for the 4C and 1C hypotheses respectively. Of the kinematically acceptable hypo-

theses only those consistent with the observed track bubble densities were retained.

We also required the fitted momentum of the faked positive track to be consistent

with not being observed. In addition, the following criteria were applied to all

hypotheses in order to reduce the number of false fits:

i) There should be one baryon in the forward hemisphere and two (or a deuteron)

1»)

in the backward hemisphere in the center of masB (CM) system.

The laboratory momentum of ir and ff mesons should be lorn» than \'l CJeV/c.

The momentum of ff mesons should oe ICHH than 12 GeV/c also in the beam

rest frame,

iii) The laboratory momentum of a deuteron should be less than 500 MeV/c.



iv) A four-constraints hypothesis is accepted over a one-constraint hypothesis

except when there is a competition between a 4C coherent hypothesis and the

corresponding non-coherent hypothesis.

Criteria <i) ami (ii) are justified by observations in our pp-reactions at 19 GeV/c

t'; ami in tAher experiments at comparable energins. C riter i um <iii) is applied to

remove false fits with a high-momentum final state ileuteron. Due to the deuteron

form factor such reaetions are very unlikely for deuteron recoil momenta above

500 MeV/c which corresponds to a four-momentum transfer squared to the deuteron

of around 0.25 (GeV/c}*". From fig. 2, which shows the -hstributurn of t' = 't-t I
nun

to the deuteron of reaction (4), it can be seen that criterium (in) hardly excludes

any fits to coherent reactions.

The preference of a 4C hypothesis over a 1C hypothesis is considered to be a

standard procedure, but its reliability is reduced in the case of an undetected

charged track (pseudo-4C fits). Because of the small binding energy of the deuteron

there will at high energies practically always be a good fit to a non-coherent hypo-

thesis if the corresponding coherent hypothesis is acceptable. In this case the

preference of 4C hypotheses is questionable, in particular for the pseudo-4C fits.

2.2 Treatment of ambiguities

The procedure described above resulted in a total of 18000 accepted hypotheses

corresponding to 12000 events. We have excluded from the sample, events with a

fitted momentum of the slowest proton above 350 MeV/c in accordance with the

range cut used at the scanning stage. 75% of the events fitted on hypothesis uniquely

while 23 % and 2 % of the events had 2 and 3 acceptable hypotheses respectively,

"internal ambiguities" included. The term "internal ambiguity", as opposed to

"channel ambiguity", refers to interpretations corresponding to the same final state.

The internal ambiguities, which represent ~30 % of ail ambiguities, do not affect

the calculation of channel cross sections.

The ambiguities are of essentially two types; the first type occurs between a

coherent channel and the corresponding non-coherent one because of the low

deuteron binding energy, and the second type arises from a competition between a



pr it n -.n'i i pion mas:* assignment of one or a pair of positive track» leading to

either :t c" »nnel ambiguity or an "internal ambiguity".

F* r non-cSerent reaction», e.g. pd — ppnir v there should be neither a correla-

tion !*nueen the direction of a slow proton and a slow neutron nor a sharp enhance-

ment in thr Mpn) rrass distribution near the deuteron mass. If on the other hand a

truly coherent react ion gives a fit to the corresponding non-coherent hypothesis the

proton ann the neutron are expected to be predominantly co-linear and the mass

distribution M<pn) for such hypotheses should show a peak a' the deuteron mass. In

addition <>r.e expects from range-momentum relations of the proton and the deuteron

ihat the riuo R = p (ps) / p , (n) should be about 1.5 '-1~.
13-D ' SID

In fig. la-c we nave plotted the distributions of M(p n), cos9 (p Q) and

R = p. ip )/p tn) for 4-prong events fitting the reaction pd -*ppnir ir . The

shaded regions correspond to those events which also have an acceptable fit to the

coherent reaction pd - pd it it , As can be seen, the clear enhancements around

the values indicated above consist almost exclusively of events with a possible

coherent interpretation. The events with no acceptable coherent hypothesis exhibit

a flat angular behaviour (fig. lb), also in the region of the coherent peak. We con-

clude that the great majority of the 4-prong events, having both a coherent and a

non-coherent interpretation, are really coherent reactions.

The M(p n) masis distribution for the 3-prong sample, fig. id, shows a similar peak

which is somewhat broader as expected. From a study of these and other distributions

we find it reasonable to keep only the coherent hypothesis for those 4-prong events

for which M(p n) < i . 887 GeV. We use the same cut for the 3-prong events but we

keep both the coherent and the non-coherent hypothesis with their original weights.

For both 3-prong and 4-prong events we reject the coherent hypothesis if

M(p n) > 1.887 G«V.

We have some Ci<>'",) ambiguities between the channel pd - pd w'w"n° ami the channel

pd - ppnff n . The effective mass distribution M(p n) ha* a similar tthape at» the

one of the tC :)-prong coherent channel but Is somewhat broader and slightly Mhifted

towards higher masses. In analogy with the procedure described above we accept

as coherent those ambiguous events for which M(p n) < i .M6 GeV both in the 3-prong
B



;iiwl in the 4-pron»; sample. We are aware of the fact thai the proawlurc is less

reliable in this case but since the ff is slow In the laboratory frame for the

ambiguous events, we still think it makes sense to use it.

There are no ambiguities between the channel pd — mi IT n it ami ihe non-coherent

tC channels.

The validity of oui procedurs to obtain a reliable coherent sample may be judgeJ

from the distribution of t1 = It - t . \ to the final slate deuteron shown in fig. 2 for
mm

the pdtr it channel. The 3-prong events are indicated by the shaded region. The

combined sample exhibits an exponential behaviour down to t ' ---- 0 as expected for

diffractively produced events. The results of fits to an exponential Ae are

given in table 1. The fit to the 4-prong sample only gives a slightly higher slope

but the values are consistent with being equal within e r rors . These values of the

slope parameter are in good agreement with results at other energies "3" .

We have also fitted the t ' distributions for the 4-prong events of the 1C coherent

channels. The results are given in table 1 and figs. 3-4. We use only the 4-prong

sample since we consider the 3-prong sample unreliable.

2.2.2 Jhe_££if_ junWgjiity

The ambiguity between a proton and a IT assignment to a track is most serious be-
- o + -

tween the ppptr TT and the ppn v n channels and as internal ambiguities in the
4 _ O

ppn jr n channel. The events in the it -channel have an ambiguity rate of 4H %.

The external and internal ambiguity rates of the neutron channel are 12 '",, and 7 %

respectively.

We find it justified to classify these events by selecting the hypothesis for which

the difference between the longitudinal momenta of the nucleons in the center of

mass frame is largest. The motivation for this choice is the well known fact that

the nucleons are very peripheral in high energy NN reactions. The same method

has been used in other pp and pd experiments [6, 7 ] .

In addition we observe that the longitudinal momentum distribution of the ff in the

center of mass franr.e becomes more symmetric and agrees with the one of the

ambiguous events and with the one of the ff". We estimate this tent to favour the

wrong hypothesis in less than 10 % of the cases. The peripherally teat is also used



to resolve ambiguities between the 1C coherent channels (30%) and internal ambi-
- of the pd ir ff'n channel although these are rather few (6 %).

3. KXTH.U'TION OF CKOSS SECTIONS

The spectator model implies that the non-coherent channels (l)-(3> correspond to

interactions between the beam pruton and one of the nucleons of the deuteron. The

following free nucleon processes may then be studied:

(la)

(2a)

(3a)

(3b)

p n -

pn -

pn -

PP -

ppir

ppfr

pntr

pptr

- o
TT

v _
TT

TT

Motivated by the impulse approximation and the fact that the Fermi momentum of

the nucleons is relatively small, we define the spectator as the one of the two slow

final state nucleons that has the smallest momentum in the laboratory frame. The

separation of channels (3a) and (3b) thus corresponds to the labeling of different

nucleons as the spectator.

According to the spect 'ior model and the impulse approximation the observed

momentum and angular distributions of the spectator should agree with what we

expect from the deuteron wave function. The angular distribution of the spectator

<n the ppir -channel is shown in fig. 5 and the line is the prediction of the model

taking the invariant flux factor into account. The corresponding momentum distribu-

tion was given in ref. [2a], In both cases the agreement is acceptable [2a] .

The spectator momentum distributions for the neutron and ir channels are not con-

sistent with the Hulthén distribution for unmeasured spectators. The reason for

this is that there are two undetected particles in the final state and the neutral

particle then absorbs the missing momentum almost completely.

The problem of separating the proton spectator and the neutron spectator channels is

illustrated by the acatterplot in fig. 6a which shows the momentum of the slow

proton versus the momentum of the slow neutron. The diagonal, where the two

momenta are equal, represents the separation between the two channels. There is



r
nt» clear separation between them for the 4-prong sample, in particular when one

recalls that in these events there is always a high-momentum track which ^ives a

large uncertainty to the neutron momentum. In spite of this difficulty our selection

procedure results in a cross section for the reaction (3b) which is consistent with

the one observed with hydrogen target [16J. In this comparison we have only used

that part of the sample where all 4-prong events were analyzed.

T) obtain free neutron cross sections from the deuteron cross sections we have to

correct for Glauber screening and for the effect of the P;iuli principle. These two

corrections were discussed in detail in our earlier paper [ 2a]. A correction of £> %

for the Glauber screening has been applied to the cross sections of all non-coherent

channels. The effect of the Pauli principle has been corrected for only in the ppir

channel since it ia likely to be negligible for the other channels because of resonance

production.

We then obtain the cross sections for the non-coherent channels that are given in

table 2. In fig. 7 we compare our cross sections with those at other energies
r 5 , 7, 8, 13]. The published cross section at 28 GeV for the reaction pd -pdr r it

+ _
is only for M(pff n ) <" 2 GeV. If we correct for this cut, using the ratio of

M(ptT ff ) <" GeV/all extrapolated from values of this ratio at lower energies,

we get the cross section in the figure.

To calculate the cross sections for the coherent channels we use only the 4-prong

events and we correct for the 3-prong events by extrapolating the t ' distributions of

the deuterons to t ' = 0. If wt in the 4C coherent channel base the calculation on both

the 3-prong and the 4-prong events a cross section that is 5 % smaller is obtained.

In this channel we observe a prominent d*° signal at 2.20 GeV in the M(d w") distribu-

tion. In the coherent it channel an even bigger d*+ signal is observed. If we subtract

the d cross sections we obtain cross sections that are also given in table 2. We

note that the d + signal may partly be caused by influx. The d* phenomenon will be

studied in a separate paper.

We have not undertaken any detailed study of the influx of events with an extra f

in the various channels. To reduce the influx we apply a probability cut of 2 % In the

40 channels and of 10 % in the 10 channels, which we have found results in accept-

able missing mass distributions. The probability distributions are found to be flat

above the cut in all channels but the 1C 3-nronv 'jehvent channels.



From the missing mass distributions for the 4C channels we estimate that the influx

from events with an extra IT is small. The influx is difficult to estimate for the other

channels. To account for systematic effects we have thus added extra errors of 3 '",

and 10 7 for influx(/outflux) in the 4C and 1C channels respectively, of 10 % of the

ambiguous events for failures of the peripherality test in the 1C channels and of 5 ",

and 10 " of the ambiguous events for events wrongly classified as non-coherent in

4C and 1C coherent channels respectively. All errors are added quadratically.

4. RESONANCE PRODUCTION IN THE pn - pn i rV AND pn - ppff"ff° CHANNELS

We will not give any detailed analysis of these channels in this report but rather limit

ourselves to the presentation of some effective mass distributions. Cross sections for

some of the resonances seen in these distributions have been extracted, and will be

given together with a few characteristics of the production mechanism.

The nutieons are in these reactions peripherally produced and thus we can split the

neutron channel into two subchannels

"* P (a)

pD "* nF PB

where F and B denote forward and backward in the CM system. The two subchannels

which correspond to 78 % and 22 % respectively, are completely different and show

very few common characteristics.

In table 3 the longitudinal momenta of the pions has been used to identify the event»

with different peripheral diagrams.

4.1 Nff mass distributions

The PF
ng f f it channel is in many respects similar to the reaction pp -*pptrV"

[1 ] and that is especially the case for the pir effective mass distribution where large

A (1236) signal can be seen, fig. 8 a. But in this channel we also observe an equally

large A (1236) peak in the nn~ mass distribution, fig.8 a. It is interesting to note

that while the cross section for the reaction pp - ppn ff~ is 1.6 mb the cross section \

for the reaction pn - P p n ^ V is 2.2 mb and that the difference is almost equal to



the i\ cross section, table 1. To investigate :inv L & production we made a

scatter plot of M(p - | v s M | n r >. ;md, «IH can be ween in fig. U. :i clear Ai produc-

tion signal is seen. Another indication of &A production can be seen in iig. ha

where the shaded areas show the events that have the pions in opposite hemispheres.

To extract cross sections for the <" production we have fitted an incoherent sum of a

slightly modified Breit-Wigner term of the Jackson type r 9 , 12c"1 and a peripheral

background term to the mass distributions in fig. 6 a. In the A£ case the background

was obtained by adding incoherently the extrapolated number of events in the A(1236)

mass region <i, 15-1.32) GeV from the two A-bands separately. The excess of events

corrected for the tails are defined as AA events, and the cross section is given in

table 4. The associated tå production is included in the cross sections for reactions

II) and iz).

The cross sections for associated AA production at various energies in pn, pp and pp

reactions have been plotted in fig. '0 [7,10,11, 12] . From isospin invariance and

dominance of isovector exchange one expects o(pn -* L t ) ~ (7(pp -• £"*"'.""*) =

= (9/2) CT(pp - A A°). The line shown is of the form p~ with n= 2.5.

-bf -bf
We have fitted double exponentials Ae + Be to the t ' distributions of the

reactions (l)-(2) and a single exponential for reaction (3). The values are given in

table 4. The variable t ' is defined as t ' = It - t I and the interval used in the
2 s mm

fit is (0.00-0.46) (GeV/c) for h and (0.02-0.46) (GeV/c) for A . In case of
reaction (3) there is a considerable background from single A production. For com-

-2
pari son we mention that b , = 12.6 + 1.4 (GeV/c) is reported for reaction (3) at

11.6 GeV/c [7 ] .

_ +
The remaining two mass distributions i . e . M(p_ir ) and M(n ir ) are also given in

F B
fig.8 b. No striking structures can be seen.

For the n_p_ff ir channel the various Nirmass distributions have been plotted in
* B +

fig. 12. The n ir and pDff mass distributions are dominated by broad low mass

enhancements. Some production of A(1236) can however be seen in all the four

distributions.

The scatterplot of M(p ir ) versus M(nir ) shows no signal of associated A& produc-

tion. Such production would indicate the presence of exotic AQ = 2 exchange. The

cross section for this process drops rapidly with increasing energy f7] and its

absence is in agreement with that observation.
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The effective mass distribution of the pir combinations in the it channel are given

in fig. 13. The p_ff distribution is dominated by a broad low mass enhancement
B

similar to the corresponding one in the n channel. Production of A(1236) can be

seen in the two pir combinations.

4.2 Ntrir mass distributions

The various NTTTT mass distributions are shown in figs. 13-16. The shaded regions

show the distribution when the smallest Nrrir mass combination is chosen. In the

p IT ir mass distribution we see a broad low mass enhancement that probably con-

tains the N* (1470) and the N* (1700). The distribution is similar to the correspond-

ing one of the pp - pp?r »r channel [ l a ] . The n_,ir ir mass distribution is similar

to the p rr v one as expected from the symmetry of the two systems. We have

added the two distributions in fig. 14 where the smallest mass combination is chosen

in each event.

The mass distribution of the p ir ir system, which could be diffractively produced,
B + -

peaks at lower masses, like the p ir ir system.
r

4.3 trir mass distributions
+ - - o

The irir mass distribution for the channels pn -• pnir ir and pn -ppff ir is shown

in fig. 17. A significant pea!; in the p region is seen. The production of the p meson

is analysed in detail in an earlier paper [2b]where also cross sections for p and i

production are given.
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FIGURE CA PI IONS

Fig. 1 Various distributions illustrating the separation of the coherent channel
4. _ + _

pd -pdiT -T from the non-coherent reaction pd — ppnir ir . The full

distributions represent all events fitting the non-coherent reaction and

the shaded areas correspond to events with an additional coherent inter-

pretation.

Fig. 2 The t ' distribution for the channel pd - pd ir ir . The straight lines are

fits to singel exponentials.

+ _
Fig. 3 The t ' distribution for the channel pd - pdir ir . The straight lines are

fits to singel exponentials.

+ + -
Fig. 4 The t ' . distribution for the channel pd - ndiT ir ir . The straight line is

a fit to a singel exponential.

Fig. 5 The angular distribution in the laboratory frame of the spectator for the

reaction pd - p ppff . The line is the prediction of the invariant flux

factor.

Fig. 6 Scatterplot of p (p ) versus p. . (neutron) for the slow neutrons in the
lab s lab

reaction pd - ppntr 4 t r , where p is the proton with the smallest labora-
s

tory momentum. The diagonal line identifies the spectator nucleon.

The histograms b) and c) show the spectator momentum distributions of

the proton spectator and neutron spectator respectively. The shaded area

represents the 3-prong events.

- o + -
Fig. 7 Cross sections for the reactions pn - pptr , pn — p p i r t r , p n - » p n t r T r

and pd - pdtr tr as function of the beam momentum p, . . The 28 GeV/c
lab

cross section is commented in the text.

Fig. H The M(Nff) distributions for the PFnntr tr channel.

Fig. 9 Scatter plot of M(p tr ) versus M(n tr ) for the Pponff if chiinnel.

Fig. 10 The cross sections for associated AA production as function of the beam

Fig. 11

momentum p for the reactions pp - A A . pp - & A and

pn -• A* *"A". The line shown is of the form p" . with n = 2J*.
lab

The M(Ntr) distributions for the n p if if channel.
F B
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Fig. 12 The M(Ntr) distributions for the pp it it channel.
+ _ + - - _

Fig. 13 The M(p ff tr ) and M(n ff it ) mass distributions for the p..n v tr

channel. The shaded region» show the dibtribution when the sni.illeat

of the tw«> possible N IT K combinations is chosen.

Fig .

Fi* .

F i g .

Fig .

» - + -

14 The M(Nff tr ) distribution for the p_n_tr IT channel.
F B

*- - + _ * _

15 The M(p it it ) and Mln j r n ) mass distributions for the p n ir it
channel.

- o - o - o16 The M(p_ir it ) and M(p ir ir ) m a s s d is tr ibut ions for the ppn n
r B

channel .

+ - - o * -
17 The M( ff ff ) and M< it it ) m a s s distribution for the p n tr rr and

p p ir it c h a n n e l s .
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TABLE 1. Fits to t' = t - t ' distributions for the coherent channels
min

Final

pd ff ff

pd n ir

pin v

pd ff n

pdff ff

nd ff rr

state

, J and 4 prong

. 4 prong

. 4 prong, no d*

- o
ff . 4 prong

- 0 *
ff . 4 prong no d

ff . 4 prong

liegion

.00 - .

.03 - .

.03 - .

.0* - .

.01 - .

.01 - .

fitted

15

15

15

12

12

12

Slope

28 +

30 *

29 +

20 +

26 t

25 +

1

• >

2

2

1

3

2 . ,
X /degrees of
freedom

7.5/13

5.3/10

6.7/10

7.7/9

11.2/9

9.3/9
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TABLE 2. Channel cross sections. F and B denote forward and backward in the

center of mass system

Channel Events a <mb)

pn

pn

Pn

pn

pd

pd

pd

- ppff

- PPff

- n ^

- P F n E

- pdff

no d

-pdff

no d
-i

-ndff

o
ff

ff+

ff

y
k

1- -f

ff

ff

ff

O
ff

ff

1209

1169

1053

3790

809

795

779

510

523

0.G4 ± 0.03

0.66 t 0.0b

0.60 + 0.07

2.1 ± 0.2

0.42 ± 0.03

0.35 ± 0.03

0.3G ± 0.04

0. 26 ± 0. 03

0.15 + 0.02



TABLK 3 .

p r w pfnbTrrr — ppTTTTi

rm EVENTS 1053 EVENTS 1169 EVENTS

13 V.
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TA BI.K.V. 4. Cross sections for production and result» of fits t<> >)<>ubic

exponentials Ae "-lie

Channel

pn - ; _ n tr

pn - p ir '

Cross section

(mb)

0.72 ± 0 .09

0.74 ^ 0.09

0.14 ; 0.03

(GeV/c>"

2 5 + 7

18 ± 5

19 i 2

(GoV

4±

3 i

-

-2

1

1

0.

0.

B/A

3 « i

H i t

-

0.

0.

11

11
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