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In a previous publication [1] we have shown that the inclusive reaction
- pX—— m

in the kinematic region |¢,,| < 1 (GeV/c)? can be adequately described by the Reggeized
pion exchange model. In reference [1] we have used the measured cross sections for reaction
(1) to extract'the total cross sections and the charged multiplicity distributions for n—n-
scattering.

In this paper we present results on momentum distributions of pions emitted from
the recoiling system X~ for different values of the invariant mass squared M Z. From the
point of view of pion exchange these distributions provide information about the inclusive
reactions

TR -+ X, ¥}

T - gt X, 3

where one of the initial pions is off the mass shell. We discuss central and fragmentation
production of pions in reactions (2) and (3) as a function of the pion-pion c.m. energy
squared s,, = MZ. The results are compared with inclusive on-mass-shell handron—
-proton reactions and with predictions of a Regge-Mueller type of analysis. Recently
the analyses of the off-mass shell reaction np - n~X extracted from the reactions
pp = A**+MM [2] and pn » p+MM [3] have shown good agréement between the
spectra obtained in the on- and off-mass shell experiments.

The data represent a subsample of the events of reaction (1) measured in three deute-
rium bubble chamber experiments at 21 [4}, 205 [5] and 360 GeV/c [6]. The events have
been selected as odd charged multiplicity events or even charged multiplicity events with
an identified spectator (< 250 MeV/c). Recoil protons with laboratory momentum less
than 1.2 GeV/c were also identified by their ionization in the bubble chamber.

To obtain a relatively clean sample of events representing reactions (2) and (3) we
have applied (as in Ref. [1]) additional cuts! by requiring

0.05 < |t, ] < 1.0(GeV/c)> and 0.1 < Mg/s,, < 0.5,

where s,, is the initial pion-neutron c.m. energy squared. All outgoing tracks were mea-
sured; thus, all selected events are complete and charge balanced.

However, there are some tracks for which only production angles have been deter-
mined. These are fast tracks which failed in the reconstruction either due to a secondary
interaction close to the primary vertex or because the momentum was-too high to be accu-
rately measured in the bubble chamber (205 and 360 GeV/c data). The number of positive

-tracks with badly measured momentum (4p,,, > p,.,) ranged from 1.5% at 21 GeV/c
to 59 at 205 GeV/c and 79 at 360 GeV/c. The corresponding numbers for negative tracks
are 2%, 8% and 119, respectively. We have ascribed to these tracks momenta equal to

* The lower #,p cut had to be introduced in order to avoid possible contamination by proton specta-
tors, minimize corrections expected from the Pauli exclusion principle, and reduce the smearing of kinematic
variables due to the Fermi motion of unseen spectators.
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half of the total unbalanced momentum divided by the number of badly measured tracks
in the event (one or two). The corrected tracks contribute entirely to the beam hemisphere
in the nr(My) rest frame. Thus we were able to study pion production at 205 and 360 GeV/c
only in a limited region of phase space (see below).

The total numbers of events selected for the analysis of reactions (2) and (3) are given
in Table I. We also show there the range of s,, studied and the average charged multiplicity
for w—n— interactions.

TABLE 1
Plab, GeV/e Snx, GEV? Events analysed My
2 4-12 286 3.28+0.09
12-20 343 4.02+0.09
205 38-193 154 6.4240.27
360 66-338 95 7.614+0.38

In the analysis of reactions (2) and (3) we use the-inclusive distributions normalized
to the total n-n~ cross sections [1], including elastic and inelastic events, at a given n-m~
c.m. energy. Thus, it is only important to know the normalization relative to the measured
events for each charged multiplicity. Each event with multiplicity » was given a weight
w(n) defined as the ratio of the published n—d partial cross section [4-6] to the total number
of measured n~d events of the same multiplicity.

Most of the kinematic variables (s,,, Z,p, 5) depend on the target momentum, which,
due to the Fermi motion, changes from one event to another. For events with a visible
spectator, the target four-vector p, was taken to be p, = py—Pspec> Where py and pg,eq
are the deuteron and proton spectator four-vectors, respectively. For odd muitiplicity
events the target neutron three-momentum was assumed to be zero. The smearing in the
kinematic variables due to this procedure is small compared to the errors in the experi-
mental distributions.

For each event we have made a transformation to the rest system of the mass recoiling
against the slow proton. The collision axis is defined by the direction of the exchanged
particle whose four-vector was taken to be that of the target neutron minus the observed
slow proton (t-channel Gottfried-Jackson frame). In this frame of reference we defined
the usual Feynman x and rapidity y variables, where positive x and y mean that the pion
is emitted along the direction of the exchanged particle.

We have checked that all accepted events conserve longitudinal momentum in the
nr rest frame. The percentage of the visible energy of the My system is (69 1) 9; at 21 GeV/c
and (64+3)% at 360 GeV/c.

The normalized rapidity distributions for reactions (2) and (3) are shown in Fig. 1.
The distributions for both n~ and n* are remarkably symmetric about y equal to zero. The
height of the plateau exibits a dramatic rise with energy for n*’s but only a slow increase
for n’s.
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Fig. 1. Normalized rapidity dlstrlbutlons for the reactions a) m~n~ - =X and b) n—n~ — n+X, where
y is the rapidity along the direction of the exchanged particle (see text)
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Fig. 2. (1/o1)F(x) = p \/_

— X where the dlrectxon of echanged particle is used to evaluate x (see text)
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The normalized invariant cross section integrated over the entire Dy tange, which is

given by
F ) 1 2E d’c J
() = pT_aT n\/_ dx - dp2~ Pi

is shown in Flg. 2 for reactions (2) and (3).

The distributions for both n~ and =n* are symmetric around x equal to 0. The n—
spectra show in addition a pronounced leading n~ peak for |x| > 0.8 which we identify
with elastic n~n~ — n~n—scattering. This elastic peak is seeni only in the data at 21 GeV/ec.
Our momentum resolution for very fast tracks at 205 and 360 GeV/c is very poor and we
restrict our analyses at these energies to tracks with x > x,,,, where x_,, is —0.4 and —0.2
at 205 and 360 GeV/c, respectively?.

The observation of a leading n~ confirms the dominant role of pion exchange (e.g.,
compared to o~ exchange) in mediating reaction (1). The leading n~ events come mainly
from the reaction mn — prn-n~ with one pion moving slowly in the laboratory-
(Pv = 0.5 GeV/c) and the other having momentum close to the beam value. The
cross section for such events is approximately equal to (11.5+1.5)% of the total cross
section for analyzed events at 21 GeV/c and to (8+2)% at 205 and 360 GeV/c. These
values are in agreement with our estimates of elastic =—n— scattering [1].

In order to study the energy dependence of the pion fragmentation cross sections
we have integrated the (1/op)F(x) distributions over the region 0.4 < |x| < 0.83. The
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Fig. 3. The mvarlant cross sections for n—n~ — X as a function of sgr Y2 £6r 0.4 < x < 0.8 and integrated
over all p}. The straight lines, taken from Ref. {7}, indicate the trend of mp — nX data

2 Qur resolution in x for the x-bin (Xcut, Xcur+0.1) is equal to 0.1 but improves considerably for the
adjacent x-bin. The contribution of the corrected tracks to (1/o1)F(x) for x = Xcu is 30% and diminishes
rapidly with increasing x.

3 Since the initial ©~n~ system is symmetric between the two -, for further studies we have folded
the x-distributions of Fig. 2 about x = 0. The integrals of (1/o7)F(x) distribution, are normalized to the
values for one hemisphere only.
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results for 7—’s and 7*’s are shown in Fig. 3 as a function of s_.!/? (the energy dependence
expected in Regge-Mueller phenomenology). The normalized invariant cross section for
reaction n—n~ — n~X is rapidly falling with energy. The trend of our data is similar to
that of the reaction np — nX [7] studied in the same x-region. On the other hand the

n- fragmentation into m+ is almost energy independent in contrast to the n¥p — n¥X [7]
0.8

which clearly decrease with energy. The values of (1/o4) j F(x) - dx for reactions (2) and
0.4

(3) approach the same limits as the corresponding np — nX reactions for s,, — 0.
In the framework of Regge—~Mueller phenomenology [8, 9] for the processa+b — c+X

d3
in the fragmentation region of particle a, the invariant cross section F 7 : (a - c|b)
should have the following form (see Fig. 4a):
d’e ‘2E  d% _
E—(a—*Clb) an dxdp? = A(x, PP+ ZBR(x’ s 4
R
Fi Q=*c

a a

c

b b

> m >

Fig. 4. Regge-Mueller diagrams for (a) fragmentation region and (b) central kinematic region "

where s is the (a+b) c.m. energy squared and the index R represents the R™ Reggeon.

The first term comes from the Pomeranchuk singularity and the second term arises
from the approximately exchange degenerate meson trajectories with ¢ = 0, intercept
ag(0) = 0.5. Assuming factorization of all the Reggeon amplitudes, Eq. (4) can be
written [9]:

d3a» b a—'c d“*c
E d_p3 (a—clb) = fp- (x, PT)+5 Z ﬂR (x, PT) TR» 5)

where B} are the particle b~Reggeon coupling constants, 1, is the signature of Reggeon
R and F37° and F{™° represent inclusive Reggeon vertices for the Pomeranchukon and
Reggeon R.

In this notation the total a+b cross section is given by

o*(s) = PpBp+s” '/ ; Br - Br - Tx- (6
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The authors of Ref. {9] estimated the values of f and F;~°. The only contributions to the
reactions (n~ - n¥|n~) come from P, @ and f exchange. The standard exchange degeneracy
conditions require f§ = f;. Similar constraints on the inclusive Reggeon vertices, F2~° are
less certain. One expects Ff ~*" = F* ™", but no constraints are known for the general
coupling F3 ~" . Thus the reaction (n~ — 7w*/n~), denoted as superexotic in Ref. [9]
(ab, abc, ac, bc are exotic) is expected to reach its asymptotic cross section very early. This
prediction is well confirmed by our data. On the other hand, the falling cross section for
the reaction (r~ — m{x~) can be interpreted as resulting from the inequality |F7 ™" |
> |F*"*"| as concluded in Rf. [9]. In the process (n* — n*|p) the decrease of cross
section 'with energy is, in the Regge—Mueller language, due to the contribution of f exchange.
The contribution in this case can be ignored because of its weak coupling to the nucleon.

In contrast to ©¥ production in the pion fragmentation region, the production of
pions inthe central region is due to completely different processes and shows quite different
properties. In Fig. 5 we have plotted (1/o7) F(x) distributions for reactions (2) and (3) in
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Fig. 5. Distribution of (1/6p)F(x) for the reactions (a) m =~ — =X and (b) T = X for various
regions of m~n~ ¢.m. energy squared. The straight lines represent fits of: (1/o1)F(x) = A exp (Blx]) to
the data

the x-region, |x| < 0.4 in four different regions of s,,. An approximate exponential be-
haviour is observed with the slope increasing with s, from 1.5 to 3 for n~’s and from 2.5
to 5 for m*’s. The fitted values of (1/o7) F(x) versus s,,'/% are plotted in Fig. 6. The central
production of m*’s incereases rapidly with energy, while the 7~ production changes very
slowly. Both distributions appear to be approaching a common limit of approximately 0.4.

Existing high energy data on the energy dependence of central n* production {7, 11]
indicate that the production cross sections are rising steadily for most of the measured
processes. The exceptions are n—’s produced in np collisions between 8 and 40 GeV. The

scaling of the distributions has not yet been reached at the highest ISR energies. However,

4 The values of (1/o)TF(x) are not corrected for K and proton contamination. These corrections
should lower our (1/o7). F(x = 0) by at most 109 at 205 and 360 GeV [10].
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the present data suggest that (1/op)F(x = 0) may approach a value of 0.4 [7, 11-14},
somewhat larger than that expected several years ago (~0.25) [15].

The double-Regge expansion, represented graphically in Fig. 3b predicts for the central
region [16]
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Fig. 6. Fitted values of the normalized invariant cross sections at x = 0 for =~ and m+ production in 7w n—

collisions as a function of sz2/%. The 'linesv represent the predictions of Eq. (8) for reactions n—n~— n=X

(dotted) and ™=~ — n+tX (dashed) with the parameters taken from Ref. [11]

where my and y are the transverse mass and the c.m. rapidity of the particle c, respectively
Integrating Eq. (7) over the entire p; range and assuming that each Reggeon in Fig. 4b
factorizes one gets (in the ‘notation of Eq. (5))

dic 1 do <
JE'_s dp. = — 2 = F(x = 0) = f3BeGe
! dp x=0 n dy y=0
+57V4E BiBRGRet T ARG +5 ™ T BiBiGin )

where the Gj; are the values of the vertex functions at x = 0 integrated over pr. Eq. (8)
predicts the same scaling limit for (1/o1)F(x = 0) = Gjp for all hadron-hadron collisions
(experimentally it is being approached from below). The present experimental value (~0.4)
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is close to the effective value of Gjp estimated from low energy pp — n*X data [17].
Moreover, the data are roughly consistent with factorization {11-13, 17].

In the framework of Eq. (8) the observed weak energy dependence of the n-n~ - 7=X
inclusive cross section is due to the mutual cancellation of g and f contributions to the
s-1/% and s_,'/? terms. Such an effect is expected to be strong in nn reactions and weaker
in np collisions since Regge residues fulfill the relations f = f and Sf > B [9]. The
mechanism of cancellation does not apply to the central production of ©+’s in m~n— colli-
sions. There we expect a trend similar to other reactions; namely cross sections which
rapidly increase with energy.

In Fig. 6 we also show the predictions of Eq. (8) for reactions-mr—n~ - n¥X using
the values of f7} and G7; given in Ref. [13]. The agreement is reasonable for n-n~ - n+X
data but rather poor for n~n~ — n~X, where the theory predjcts too strong an energy
dependence of (1/ep)F(x = 0). A similar discrepancy has been observed in applying Eq. (8)
to np — n-X reactions (compare Refs [12] and [13]). The n~n~ — n~X data suggest much
weaker breaking of the f-o exchange degeneracy than was assumed in Ref. [13].

The distributions of transverse momenta of pions calculated in the nr c.m. system
(Gottfried-Jackson frame) show a remarkable resemblance to those from on-mass-shell
experiments. In Fig. 7 we compare the pZ spectra of n~’s and n*’s for the region 4 < s,
< 20 GeV? with inclusive n— distributions from 7tp interactions at 16 GeV/c [18-20]
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0 02 VA TR

p2.Gevie?

Fig. 7. Normalized distributions of pf for =~ and = produced in ==~ collisions with 4 GeV? < s

< 20 GeV2, The solid lines represent the do/dp} distribution of 7’s in *p interactions at 16 GeV/e {20}

and are normalized to the same area under the curves as corresponding - or 7+ distributions from n—rn—
collisions
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normalized to the same area’. The curve representing n*p —» =X data [20] reproduces
rather well the T+ spectrum whereas it underestimates the n~’s in the large p2 region (only
n~’s with |x] < 0.8 are plotted).

The p3-distributions of pions are steeper than exp (—3.4p%) observed for directly
produced particles [20, 21], which suggests that a considerable fraction of the pions is
produced via resonance decays. Therefore, we have analysed ntn~ effective mass distribu-
tions to estimate the percentage of @° production. A clear g° signal is observed in Fig. 8a

80t
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Fig. 8. (a) Effectiye mass spectrum do/dm(m+m) for 4 GeV? < suy < 20 GeVZ, The solid line represents
a fit to the data using a Breit~Wigner shape and an exponential background; (b) folded normalized invariant
x distribution of p%s produced in ==~ collisions for 4 GeV? < sz < 20 GeV?

for the s,, region (4-20) GeV 2,6 A Breit-Wigner formula fit with an exponential background
(as in Ref. [18]) gives 0.48+0.13%s per event for n,, > 2. Here n,, is the charged multiplic-
ity of the X~ - system recoiling against the proton ((0.27+0.09)¢®s per event for all n-n~
topologies). The ratio of the average numbers of g%’s to n+’s (denoted by @°/n*) for n,, > 2
is equal to 0.35+0.09. These values are larger than those found in n*p and n—p experiments
at 16 GeV/c [18, 19]: g%/ = 0.1940.02 (x*p) and 0.2010.02 (n-p), with {@°),. 4 = 0.30
+0.03 (n*p) and 0.29+0.03 (n—p). The difference is probably related to the high probability
for mm interactions to produce @’s.

5 We take w spectra in the m* induced reaction to avoid a possible proton contamination of the
produced =+ sample.
’ 5 A small sample of data and poor mass resolution make it difficult to study @° production at 205
and 360 GeV.
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We have also examined the wtn— effective mass, m(ntn~) distributions for various
Feynman x,, intervals. In Fig. 8b we show (I/61)F(x,)vs x,. The data are folded about
x, = 0 to decrease the statistical errors. The broad maximum around x, = O suggests
both copious central g%production and important contributions from the fragmentation
of pions into @%s.

We conclude that the Feynman x-distributions of pions emitted from the system
recoiling against the slow proton of reaction (I) show a remarkable similarity to those
observed in np on-mass-shell experiments. The energy dependence of these distributions
is consistent with predictions based on Regge-Mueller phenomenology applied to n—n~
reactions. The early scaling observed for central production of n~’s and for fragmentation
of n—’s into ©**s also can be explained within this model. The off-mass-shell nn scattering
appears to be a useful tool for testing model predictions for the central and fragmentation
regions. In this case the central region is not contaminated by fragmentation of protons
extending beyond x = 0. Abundant @° production is observed with approximately 357
of the produced nt’s resulting from @° decays.

We are grateful to Dr. A. Likhoded for stimulating discussions and for providing us
with the double-Regge predictions for central production of pions in ©7 collisions. We
thank Drs. J. Dias de Deus and C. Pajares for their interest in this analysis.
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