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Resonance production and transverse spectra in p n annihilations at 5.55 GeV/c
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We present results on the production of resonances (p, f, g, ts, A„and A,) in pn annihilations at 5.55
GeV/c, Channel and resonance cross sections are determined and compared @pith Pp data obtained at nearly
the. same incident momentum. Production features in terms of the transverse momentum (Pr) and the
transverse kinetic energy (FK) are also investigated. In particular, it is shown that the noninvariant F~
distributions for exclusive annihilation channels can be parametrized by e &' functions, and the behavior of
the slope parameters T is discussed.

I. INTRODUCTION

In this work we present results of pn annihila-
tions at 5.55-GeV/c incident momentum obtained
from a bubble-chamber experiment. The reactions
which will be investigated are

pn - 2tr tr'(tr'),

- 3tt 2tt'(tr'),

- 4tt 3w'(w'),

—5tr 4tt'(tt') .

%e also studied channels having the same number
of charged particles as above but with a neutral
system containing more than one neutral particle.

The experimental procedure and the cross-sec-
tion determination of the various channels will be
discussed in the next section. Then we will ex-
a,mine (Sec. III) the production of resonances in the
different final states. In Sec. IV some general
aspects of the annihilation processes will be stud-
ied.

II. EVENT SELECTION AND CROSS SECTIONS

The data for this presentation have been ex-
tracted from a 150000-picture exposure of the
30-in. deuterium-filled bubble chamber at the
Argonne Zero Gradient Synchrotron. The film
was scanned for even-prong events having a posi-
tive track stopping in the chamber and also for
odd-prong events, (i.e. , with a spectator proton
below the threshold detection of the chamber).
The events were processed through the standard
CERN chain of programs and identified by kine-
matical fitting and comparison between the ob-
served and calculated track ionization. Further
cuts, essentially on the missing mass squared and
the y' probability, allowed us to obtain unbiased
samples of fitted events. This can be seen, for
instance, from the pn c.m. angular distributions
of the pions which are found to be symmetric as

required by G-parity conservation.
For the so-called "missing-mass" events, i.e. ,

those where more than one neutral particle is pro-
duced, the main selection criteria consist of
choosing events where both the missing mass
squared and the missing energy are positive.
Figure 1 presents, for the pn-2~'3p X' chan-
nel thus selected, the c.m. angular distributions
of the produced particles. One observes from
this figure that the symmetry properties of the
distribution are rather well verified. Let us note
that if X contains an nn pair there are no sym-
metry conditions for the angular distributions of
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FIG. 1. The c.m. angular distributions of the ~~ and
the Xo systems obtained from the pn 2&'3m X
channels. Here X is any neutral system having more
than one neutral particle.
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FIG. 2. The cosg, distribution for a11 our fitted
events, 8, being the spectator proton emission angle
defined in the laboratory system with respect to the
beam direction (a). The laboratory momentum distribu-'
tion of the spectator for all the events (b) and for those
emitted backward in the laboratory system (c). The
full lines represent the Hulthen-wave-function predic-
tions.

the 7t's. In fact, based on the missing-mass dis-
tribution (the mass of the X' system) the contami-
nation of nn among the X'system inthe pn- 27''37' X'
reaction is smaller than 2.6 jg. This assures us
that in the case of Fig. 1 we are dealing practically
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FIG. 3. Comparison of the pp. and our pn cross
sections as a function of the number of outgoing pions
for reactions having at most one 7r in the final state.
The curves are drawn to guide the eye.

TABLE I. Values of pn and pp annihilation cross sec-
tions at 5.55 GeV/c and 5.7 GeV/e, respectively. The
pp cross sections are taken from the following: (a)
H. Braun et al. , Nucl. Phys. B95, 481 (1975); (b)
A. Accensi et al. , Phys. Lett. 20, 557 (1966); (c)
K. Bockmann et al. , &uovo Cimento 42A, 954 (1966); (d)
V. Alles-Borelli et al. , ibid. 50A, 776 (1967); (e)
G. Maurer, These, Strasbourg, 1970 (unpublished); (f)
A. Fridman et a/. , Phys. Rev. 176, 1595 (1968). If more
than one experimental result exists for a given channel,
the weighted averages and errors were taken.

Cross section
(mb)

pn
channels

pp
channels

Cross section
(mb)

7r'27r -7r'

27r'37r

2"37r-7ro
37r'47r

3~'47 -~'
47r+57r

7r 7r-.o

27r'27r

2n'2. -pro

37r'37r

37r 37r-7r'

47r+47r"

4~'4~-~'

0.43 + 0.06
0.21 + 0.03
1.49 + 0.17
0.30 + 0.05
0.77 + 0.10

&0.03
0.11+ 0.02

0.12 + 0.01
0.16+ 0.02""
0.83 + 0.07
0.32+ 0.04'"
1.76 ~ 0.13"
0.12+ 0.01'
0.25 + 0.02

exclusively with annihilation events. Owing to the
small statistics, the other missing-mass channels
will not be studied here.

We based our cross-section calculation on the
even-prong events where the stopping track was
recognized as a spectator proton (p,). To deter-
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7r'27r 7r reactions. The data were fitted with an
incoherent mixture of phase space and Breit-Wigner
functions.
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TABLE II. Resonance production per event and cross
section for our various subchannels. The cross section
is obtained by multiplying the average number of reso-
nances per event in a given channel by the corresponding
channel cross section.

Final state Resonances per event
Cross section

(mb)

p -m'2~ r'
p Ti 7r

fear 7T

g'vr 7r'

g 7r 7I

(d 7t'

0.14
0.10
0.04
0.28
0.11

(0.015

g 0.02
g 0.02'

y 0.01
y 0.04

0.02
+ 0.010

0,43
0.06
0.04
0.02
0.12
0.05

, ~0.007

+ 0.06
+ 0.02
+ 0.01
+ 0.01
+ 0,03
+ 0.01
+ 0.005

p -2r'3r
p 7r 27r

fx'2r
g 7r 27r

p -2r'3~m'
p 7l' 2' 7l'

fear 27r x
p%7l 2'
&7l' 27r

0,98 + 0.07
0.53 + 0.05
0.26 g 0.03

0.28 + 0.02
0.08 + 0.02
0.12 y 0.02
0,11 y 0.02
0.08 y 0.01
0.10 y 0.01

0.21 + 0.03
0.21 + 0.04
0.11 + O.a3
0.05 + 0.02

1.49 + 0.17
0.42 y 0.08
0.12 * 0.04
0.19 - y 0.05
0.17 y 0.05
0.13 y 0.03
0.16 y 0.03

p -3~'4&-~'
p 27r 3x 7r

&27r 37r

pn 4' 57r

p'37r'4m

pn-4~ 5~ r'
p 3~'4~-~'0

(d37r 47r

1.64 g 0.23

0.60 y 0.12
0.37 y 0.05

0.64 y 0.23

0.30 y 0.05
0.49 g 0.15

0.77 y 0.10
0.46 + 0.15
0.29 y 0,08

& 0.03
&0,12

0.11 + 0.02
0.07 y 0.04

& 0.13

mine the various channel cross sections we used
the impulse-approximation model assuming in
particular that the spectator nucleon is not affected
by the interaction. The number of unseen specta-
tors is then obtained by choosing a given wave
function for the deuteron taken throughout as the
Hulthdn wave function. This approach is certainly
oversimplified as can be seen from Fig. 2(b) which
presents the laboratory momentum distribution
of the spectator obtained from all our fitted even-
prong events. One notices an important excess of
events above the Hulthen wave-function prediction
for p, momentum around 250 MeV/c. In contrast
the cos8, distribution tFig. 2(a)] presents the ex-
pected isotropic behavior for the spectator. ' Here
cos6, is the laboratory emission angle of the p,
defined with respect to the incident particle. By
taking only events with cos8, &0, namely, those
for which the spectator is unambiguously identi-

fied, one obtains rather good agreement between
the experimental distribution and the Hulthen pre-
diction [Fig. 2(c)]. The observed discrepancy in
the forward hemisphere (cose, &0) can be due to
misidentification of spectators, to double scatter-
ing, or to final-state interactions. For the present
data the misidentification of the spectator does not
appear to explain the discussed effect as the num-
bers of forward(cos6, &0) andbackward(cos8, (0)
emitted p, are nearly equal. Therefore, we consider
these p, spectator protons even if their momentum
distribution does not agree with the Hulthen wave-
function predictions in the forward hemisphere.
Thus the number of unseen p, in each channel is sim-
ply obtained by multiplying the number of p, above 100
MeV/c by a constant factor deduced from the
Hulthen wave function. Let us note that nearly the
same values would be obtained if the calculation
were based only on the events in the cos8, &0 re-
gion.

Correcting our data for scanning losses as well
as for losses due to stopping tracks too steep to
be measured successfully, we obtain the pn cross
sections given in Table I. These annihilation
channels are also compared in Table I and in Fig.
3 with pp cross sections at nearly the same inci-
dent momentum (5.7 GeV/c). We see from this
figure that the pp and pn multipion annihilation
cross sections are distributed on two smooth
curves characterized by the presence or the ab-
sence of a 7r in the final state.

Some theoretical studies' have suggested that the
m trajectory in the s channel may play an impor-
tant role in NK annihilations. This implies among
other things that at a given c.m. energy, states
with an odd number of pions contribute dominantly
to the annihilation cross sections. One may thus
conjecture that for fitted annihilation reactions,
states with an odd number pg, of pions will have
greater cross sections than those with n, ~ 1. Al-
though this is really the case for pp annihilations,
it is no longer true for pn annihilations. The com-
parison of pp and pn annihilation data (Fig. 3)
clearly shows that the presence of a 7r' in the final
state enhances the cross sections. As the 7r' ap-
pears in pp and pyg annihilations for an odd or even
number of produced pions, respectively, the al-
ternations observed in the pN cross sections are
not due to a G-parity effect. In any case the com-
parison of the cross sections of pp and pn annihila-
tion channels with the same number of outgoing
pions shows that the channels with a 7r' have al-
ways the largest cross sections. In fact, an in-
tuitive explanation of this alternation effect can be
obtained from multiperipheral models with a nu-
cleon trajectory exchange. Then the positive or
negative charge of the outgoing pion has to alter-
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nate along the multiperipheral chain. A m', how-

ever, can be placed anywhere in this chain. As a
result of this freedom, one can then conceive that
the multipion cross section tends to increase
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whenever a m is present among the secondaries. '
One can also notice that the sums of the cross

sections with v' for pp [o,«(pp) =2.96+ 0.23 mb]
and pn [o,„,„(pn) = 2.80+ 0.35 mb] are nearly eilual.
A similar equality is also observed for reactions
without a 7/' [o„,„(pp) = 0.51+ 0.11 mb and o,«(pn)
=0.60+ 0.0"/ mb].

III. RESONANCE PRODUCTION

The studied channels present a rather copious
resonance production. Even in the channels with
limited statistics, as for instance the pn- n'2z z'
(392 events) and pn-2v'37/ (230 events) reactions,
one clearly sees from the 2m effective-mass distri-
butions the production of p, f, and g (Fig. 4). Fitt-
ing these distributions with an incoherent mixture
of phase space and Breit-signer functions we ob-
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tion normalized to the total number (N&) of combina-
tions. In {c) the full line is obtained by fitting the data
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Breit-Wigner functions due to the A& and A& reso-
nances.
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tain the number of resonances produced per event
as given in Table II. But owing to poor statistics,
we are not able to do multidimensional fits. We
also give in this table the corresponding cross
sections obtained simply by multiplying the average
number of resonances per event in a given channel
by the channel cross section. For events with
high combinatorial background, as several reso-
nances of the same type may be produced in a
given event, these values are to be considered as
upper limits of the inclusive resonance production
cross sections for a given channel. The cross
sections given in Table II are not corrected for
unseen decay modes.

The most striking effective- mass distributions
obtained from the pn —2v'3w v' (1348 events) chan-
nel are presented in Figs. 5 through 7. One no-
tices the rather important p', p', f, and w pro-
duction. Selecting events in the p band, namely,
those having the two-pion effective mass in the
0.66 0.84 GeV/c' mass range, we present in Fig.
7 the pm effective-mass distributions. One ob-
serves in this figure an enhancement in the p'z'
mass in the A, and A, region while no signal is
observed in the p'71 and p'7t' distributions. The
full line in Fig. I(c) represents our best fit ob-
tained by fixing the central values (M»}and widths
(I', ,) of the A, and A, enhancement to M, = 1.00

GeV/c', I",=0.1 GeV/c', and M, =1.32 GeV/c',
I', =0.1 GeV/c', respectively. and using a modi-
fied phase space. This phase space has been ob-
tained by a Monte Carlo method in which the same
cuts as for the experimental data have been ap-
plied. The full lines in Figs. 7(a) and 'l(b) repre-
sent the prediction of this deformed phase space.
Although the fitted curve does not give a very good
description of the data around the 1.1 GeV/c' re-
gion, the existence of the A, enhancementisclearly
seen in Fig. 7. The fact that such an enhancement
was also seen in pp annihilations at 5.V GeV/c (see
Ref. 4) supports the idea that the A, is a real reso-
nance. In any case there is no Deck mechanism
in annihilation processes such as that often used
to explain the A, effect or at least a part of it in
production reactions. The fact that no A» signals
are seen in the p'z and p'p' effective-mass dis-
tributions is surprising but it may be explained by
the higher combinatorial background obtained for
these systems. Furthermore, the p 7I' mass spec-
trum is very favorable for detecting the A] 2 en-
hancement as no p' can be present in the system
recoiling (2v v') against the p'v' object.

For the other annihilation channels we also have
calculated the amount of resonance production as
well as the corresponding cross sections. They
are all summarized in Table II. In Fig. 8 we
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present the average number of p' and co production
as a function of the number of outgoing pions.
These production rates are compared in the same
figure with pp data at 5.7 GeV/c. One notices
that for a given number of outgoing pions the
average number of p' production is always greater
in channels without z'. - In terms of cross sec-
tions the p' and co production in both pn and pp in-
teractions are distributed on smooth curves [Fig.
8(c) and 8(d)]. Finally we also present a compila-
tion of the p' and co cross-section production in
various pn channels as a function of P„„, the inci-
dent p momentum (Fig. 9). Although the errors

TABLE III. The m values obtained by fitting the p and
& cross sections as function of P»b, the incident momen-
tum, with Phb functions.
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obtained by fitting the spectrum with polynomial back-
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Wxgner function.
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are rather important, one notices that the data tend
to decrease according a P„, power law, the fitted
m values for P„~&1.7 GeV/c being given in Table
III.

The marked feature of the pn-2p'37t X' missing-
mass channel consists of an important p' produc-
tion. Figure 10 presents the w'7t effective- mass
distribution which was fitted with a polynomial

background and a Breit-%'igner function for the
p' resonance. One thus obtains an average p' pro-
duction rate of 0.25+ 0.04.

IV. PRODUCTION FEATURES

Some aspects of production features in pn anni-
hilations at 5.55 GeV/c have already been investi-

TABLE IV. The average of the transverse energy Ez=(P~2+m, )' for the outgoing pions and for the p and & (first
three rows). Values of the parameter b and 7 obtained by fitting the experimental P~ and E~ distributions with
exp(-bP& ) and exp( —EEj&) functions, respectively. The P~ range used for the fit is indicated in I ig. 11 white T is
calculated from all the data and from the ~ emitted in the central. rapidity region (c.m. rapidity of the pions l y I ~ 0.3).

«r) («V)

b f(GeV/c)

T (MeV)

p0

0.58 + 0.01
1.06 g 0.02
12 ~ 02
23 g 01
16 g 02

418 g 42
207 + 6

0,49 y 0.01
0.99 + 0,01

3.3 + 0,2
2.4 g 0.2

265 y 24
176 g 4

0,43 + 0.01
0.44 + 0,01
1.01 + 0.01

4.0 + 0.1
2.8 g 0.1
2.2 y 0.2

236
145

0.37 + 0.01
0.88 y 0,01

6.0 + 0.7
4.4 y 0.4

254 y 38
124 g 5

0.35 + 0.01
0.87 y 0.01
0.95 + 0.01

7.1 + 0.4
4.6 y 0.3
3.8 y 0.3

172 'y 9
106 y 2

'
I y* I &0.3. "All pions.
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gated. In particular, a study of the correlation
between the averages of the transverse and c.m.
longitudinal momenta has been carried out' as well
as an impact-parameter analysis of annihilation
reactions. ' Here we will merely examine the
transverse momentum P~ and the transverse
energy Er= (P +2+ m, ')~~' (m, being the pion mass)
behavior of the produced particles and resonances.
For all the studied channels the P~' distributions

-bPof the outgoing pions have an exponential e '~~

behavior for Pr' ~ 0.2 (GeV/c)' (see Fig. 11). The
small accumulation of events for small P~' has
been observed in many production reactions and is
accounted for by resonance production. 7 In con-
trast the P~' distributions of the produced reso-
nances present a single exponential behavior. All
the fitted slopes are given in Table IV. One notices
that all the slopes are increasing with n, the num-
ber of outgoing pions.

A thermodynamical approach to the understand-
ing of the production mechanism has been used al-
ready in inclusive studies. ' In this framework the
noninvariant transverse kinetic energy E» (here

E»= Er rn, ) distribut-ion can be represented by
e ~E functions where T has a meaning of tem-
perature. Since we do not have the fully inclusive
annihilation data, we will examine the transverse
kinetic energy for all of our exclusive reactions.
To this end we consider the noninvariant single-
particle distribution written in the form

d p 2vE*E dE dy~ '

p being the c.m. momentum of the observed parti-
cle while E* and y* are their c.m. energy and
rapidity, respectively. The noninvariant E~ dis-
tribution (dN'/dEr= dN'/dE») can thu-s be obtained
from the E~ distribution in which each individual
event has been weighted by (E*Er) '. These dN'/
dE~ distributions are represented in Fig. 12 and
are well described by e & functions. Table IV
gives the fitted T values as well as the average
(Er) for all the studied channels. One sees from
this table that the T slopes appear to decrease with
increasing of n.

Recently it has been suggested that one can re-
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FIG. 13„The slope parameters T obtained by fitting
the noninvariant transverse kinetic energy of the out-
going pions (Ez) with e z functions for various an-
nihilation channels.

late the inclusive E~ distributions in the central
region with the relative transverse acceleration
through the temperature concept. ' We therefore
examine the noninvariant E~ distributions of the
emitted m in the central region defined by ~y*~- O.3,
y* being the c.m. rapidity of the outgoing pions
(note that now E*= Er). We still observe the e s&~r

behavior for ihe pions, but this time the tempera-
tures T are higher than those found previously (see
Table IV and also Fig. 13}. Let us also note that
the T found in the central region for annihilation
reactions are higher than T-130 MeV, which is
the value predicted for usual inclusive production
reactions. This can be intuitively understood
from the model of Ref. 9 as the temperature there
is proportional to the inverse of-the average im-
pact parameter. Since for annihilation reactions
the average impact parameter is smaller than for
other production reactions, '*"one indeed expects
T& 130 MeV.

To summarize we find that the distributions pre-
sent a simple e ~& behavior. This simple para-
metrization, which has been seen for a great
variety of inclusive reactions, is thus also valid
for exclusive annihilation reactions. A compari-
son of inclusive and exclusive annihilation reac-
tions with other processes will certainly be useful
in order to hive a better understanding of the
temperature concept.

*Now at CEN, Saclay, France.
~As is well known the Aux factor tends to increase the
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