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One of the problems in high-energy interactions currently
much discussed is pionization., It is a crucial feature of inclu-
sive reactions in the multiperipheral modell, the parton model”,
aud the field~theoretical treatment3 of high-energy collisions,
Hovever, comparatively little detailed data from the central or
pronization region of inclusive reactions have been published

Ii
S0 far*’s.

In this contribution we present double~differential cross
sections for the central region in the reactions p+p -~ wi + any-
thing at incident laboratory momenta of 12 and 24 GeV/ec, and
compare them with CERN-ISR measurements at higher momenta., We
find remarkable regularities when we express thesé cross sections
as functions of yﬁ, Py and s, The use of the e.m, longitudinatl
mZ)I/Z) (where pn and p, are the
longitudinal and transverse c.m., momenta), instead of the more.

. g # .- # 2
rapidity y = sinh l(p”/(pT +

, \ % , .
conventional variable x = p”/(JEIZ), is crucial because these

regularities in the central region are not evident in the vari-

ables x and Py

The central (or pionization) region is somewhat arbitrarily
. % %
<
defined by iy [ _'yinc
the incident particles (1.62 at 12 GeV/c and 1.97 at 24 GeV/e)

* . .
[ -A, where Yine 1% the c.m. rapidity of

and & is a constant of the order of 1, We recall that for asymp-
totic s the predic‘tionlu3 for the Lorentz-invariant single-
particle distributions in the central region (for unpolarized
incident particles) 1is

#
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with f(pT) independent of y* and s (apart perhaps from log s
terms), and of the quantum numbers of the incident particles,
This behavior corresponds to double-pomeron exchange.in a
double-peripheral model, If the exchanged quantum numbers are
phre C = +}f and 1 = O, the functions f(pTJ will be equal for

+ o
" , © and w ,



The data we present come from 130 000 events (54 000 events)
observed in the CERN 2 m hydrog?n bubble chambér which was exposed
to a p beam of 12 GeV/c (24 GeV/c). Events of all topologies were
measured on flying-spot digitizers, which also gave ionization
information, Using kinematies and ionization it was possible to
éeparately obtain the distributions for pions and protons in the
whole backward c.m, hemisphere.+ Kaons were not distinguished
from pions and are therefore included in the distributions given.
This is irrelevant in the context of the investigations described
here, The overall ﬂormalization of the cross sections was checked
by comparison of ourx otot(pp) with values measured in counter

v

experimentsﬁ; they agreed within 2 %,
In Figs, lé aund Ib we show tﬁe w and an inclusive distri-

butions ﬂulvdzcldykdp% at p, = 0 and for various regions of Pops

at 12 and 24 GeV/c. The values at Py = 0 have been obtained by

a slight extrapolation of our measured complete pT2~distributious,

by fitting the function'a-exp(bp% + cp;) to the data in the

region p% £ 0,3 (GeV/c)z. For the i distribution the 2-prong

events (i,e, final states with only two charged particles) were

excluded; these events are a background to pionization because

the total charge of all pionization products should be zero, We

observe the following features:

(1) The distributions tend to become independent

gf‘zs at small |y¥| for all Pyt but particularly so for the

smaller values of PT'++ (2) The flat regions in y*E show a

+ At 24 GeV/c a pion at rest in the c.m. system has a laboratory
momentum of 0.49 GeV/ec, Therefore the 16 % of ¢ fp ambiguities
we found occurred only at transverse momenta P > 0.4 GeV/c, They
were resolved on a statistical basis, exploiting the forward/
backward symmetry in the c.m, system, The procedure will be
described in detail elsewhere.

++ One might suspect that the flatness of the inclusive y distri-

butions. at small ly'[ could be only a trivial conseguence of the
symmetry of the pp reaction in the c.m. system, together with the
assumption of smoothness of the cross section at y = 0. That this

is not necessarily so0 can be secen from processes to which pioni-
zation does not contribute, like p+p + % + (one charged) + (any-
thing neutral) (2-prongs); or in which pionization is suppressed,
like p+p » p+n™ + %7 + p (dominated by baryon resonance production).
In these reactions we observe a stronger vaiiation of do/fdy™ a¢
small [y%[; in fact they show a valley at y = 0,

r



. tendency to become wider with increasing s. (3) The cross
sections are s~dependent, i.,e, we are not yet in a pure scaling

, + . -
region, (4) The w cross sections are larger than the ¥ «cross

. + - : . . .
sections, but the u /ﬂw_ratlo decreases towards | wikh increasing s,

We now compare, in figs., lc and id, our 12 and 24 GeV/c
data {(represented by the curves) with w" and ® inclusive data
measured at the CERN pp Intersecting Storage Rings, at c.m,
energies equivalent to incident laboratory momenta between
225 GeV/e and 1500 GeV/c.7’8 (Note the change in abscissa scale
with.respect to figs, la and 1b) We show only the data for the

smallest available transverse momentum 0.2 GeV/c; for the

p
larger Pr the comparison comes out similzr. To give an idea of

how fast the central region is expanding.with increasing energy,

the values of Iy?nc| are indicated at the bottom of the figures,
Since the ISR n~ data are essentially outside the central region,
we also consider the inclusive photon spectra measured9 at the ISR,
which extend to smaller Iy#i. From Lhese we calculate, assuming

| dza/dy*dp%zaa mb (GeV/c) ™
for inclusive 1° production at Py = 0,2 GeV/e, y* = 0 and equi-

o -
two observed photons per w , a value of = 2

valent laboratory incident momenta of 500 -~ 1500 GeV/c, as indi-
cated in the figures, It is then seen that the y*E distributions
are consistent with an expanding plateau if the numbers of
pions of each charge become equal in the central region at
large s, A log s increase of the cross section in the region of

% . : ]
small Iy | may persist at ISR energiles,.

Although the absolute cross section in the central region
still depends significantly on s and on the charge of the pion,
the form of f(pT) (see equation (1)) nevertheless shows a
remarkable limiting property already in the 12 - 24 GeV/c region.
This is seen from figure 2 which shows the logarithmic deriva-
tive with respect to p% (i,e. the "slope") of the p%edistribUH
tions, as a function of ym, As the pi distributions are not
simple exponentials (they change pradually from a steeper slope

at small p% to a flatter one at larger p%), we show the slopes

2 2 .
~at the two fixed p; values of 0,1 and 1 (GeV/c)". Figure 2



gives direct evidence that the form of the transverse momentum

distribution is already becom{ng independent of the bion charge,

and very nearly independent of s, at 12-24 GeV/c in the central

4-region. Futhermore at 24 GeV/c the form of the pT distributioﬁ

'is seen to be independent of y up to about |y' = 1, i,e. the
y* and RT dependences factorize in a region of Ay % 2 around

*
y = 0,

»

Another way of looking at the dependence of the transverse
momentum distributions on the longitudinal variables, is the
: #
study of the x and y dependences of the mean transverse momentum

&

, C :
<pT>. In fig.3 we show <pT> of the w# as a functl?n of x and y*,

with the definitions

pr B (d O/dhde)de

It

<pp(x)> (2)

2
IE (d U/dxde)de

2 w2 2
. fpp(a c/dyide)dp
<PT()’ )> * - (3)
. Ja®osaytaplyap}

It

The integrations are done at fixed x in (2) and fixed y* in (3),
and extend over the whole kinematic region of pi. In fig. 3a

the well-known minimum of <pT(x)> at x = 0 (“"sea gull effect"lo)
is observed, Figure 3b however demonstrates that <Py (y 3> does
‘not show sigunificant varlatlon with y near the cente1 X =y F 0.
This suggests that the "sea gull effect" at x = 0 is better looked

at as a consequence of (a) the near independence of the form of

the P distribution Oﬁwii in the centvral region, together with (b)
the rather small extension of this central region at these low
incident energies (for fixed x, the smallest pi correspound Lo

the largest [y I, and therefore with increasing x it is for the
smallest p% that one is first wmoving out of the central plateau

region),

The distribution of <pT(y*)> in fig., 3b is affected by
thescurved kinematic boundary of the y*-p% space, which allows

the largest p? values only at yﬁ = 0. To reduce its influence

T

we can restrict ourselves, in forming the average <p

T>’ to e.g.



the region 0O < ]pT| < 600 MeV/c, The distribution of <pT(y§)>

so obtained is also shown in fig, 3b, It is f£lat in the region
% . . o, s

|y | < 1, again demonstrating the same y§~1ndependence in the

ceatral region as was observed in fig., 2. :

'

Finally we show in fig, 4 the distribution of the total
electric charge emitted per interval of yﬁ. To calculate the y*
values it was assumed that the particles carrying the charge

are either protons or ﬁions, since charged kaons were not
distinguished from pions., One finds a large peak from elastic
scattering, excitation and fragmentation of the incident protons,
Towards the central region this goes over into a very smooth

distribution, slightly falling towards y* = 0, Thus one finds

less and less of the incident proton's charge re-emitted when
one looks into regions that are more aud more central, although

the number of particles appearing there is very large,

Thé data presented strongly suggesl that some of the fcatures
expected for pionization (see equation (1)) already begin to
show up in the 12 - 24 GeV/e region. A problem ié, of course,
the kinematic.overlap at these incident momenta between pioni-
zation on the one haund, and fragmentation or excitation of the
projectile and target protons on the other, Thdrefore we can not
observe pionization here as an isolated phenomenon free of back-
ground, However, assuming only proton fragmentation and excitation
a convincing explanation for the remarkable regularities of
the pion distributions in the central region may be hard to find.
From this point of view these vegularities would rather secem

accidental, ,
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and suggestioné, and K, Béckwmann, V.P, Kenncy, E, Lohrmann,

H,H, Nagel, B, Nellen, N. Schwitz, B.M, Schwarzschild aud
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Figure Captions

1. (a),(b) Invariant inclusive x and differential cross
sections ﬂ—ldzo/dygdpg at 12 and 24 GeV/c, as a function
of the c,m, rapidity yﬂ. The curves connect data points
at equal s and pT,lto guide the eye.
(e),(d) Comparison of our 12 and 24 CGeV/e data with CERN-
ISR data at pT = 072 GeV/c and equivaleqt laboratory momenta
between 225 and ISQO GeV/c, The dashed curves are drawn by

r

us to guide the eye,.

2, Slopes of the p% distributions (for constant y ) as al~
function of the c¢,m., rapidity y , at two fixed valuecs of
Py for x and ﬂ+ from inclusive [2 and 24 GeV/c pp inter-
actions. (The precise definition of the slope is
~(3/8pT)£n(d gfdy de), it was determined by a fit of the
function a’exp(bpé + cpa) to the measured d G/dy dp% in

fixed, small intervals of yﬁ and p%.)

3, Mean values of the transverse momentum <pT for ﬁ+‘from-
inclusive 12 and 24 GeV/c pp interactions.
(a)' <pp> as a function of x3
(b) <Py averaged ower the whole kinematic region of Py
and <Py averaged over the_region 0 < [pTl'f 0.6 GeV/c,

. . . #
as a function of the c¢.m, rvapidity y ,

4, Distribution of the total electric charge AQ/Ay* of the'
outgoing particles, as a function of the c.m., rapidity,
for 12 and 24 CeV/c pp interactions. The vapidities were
calculated under the assumption, that the partiecles carry-

ing charge are either protons or pions,
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, . . ] ,
In this contribution we present data on the production of

* 0 . : ; . .
5, KS, p, and A in inclusive reactions in the proton fragmen-
. . 2 . , ) .
tation region , and discuss their scaling behav1or3’4. The
43

~ are presented in double~differential
L e TE Y 2 2
form- as functions of vy and Pre and of x and P for pions

invariant spectra

and protons; and in single-differential form, integrated over ylab
or p;, for Kg and A. Here ylab is the longitudinal rapidity in
the laboratory system, x is Feynman's c.m.s, scaling variable,

and Po the transverse momentum. The ﬂi and p spectra are compared
with data on pp reactions obtained at the CERN Intersecting
Storage Rings at laboratory equivalent momenta between 225 and
1500 GeV/c; the ﬂi and A spectra are also compareé.with data

§e + s
from w7p and XK p bubble chamber experiments,

Our main conclusions on the invariant single-particle dif-

. . 1 .
ferential spectra as a function of vy ab, p% and s, in the proton

fragmentation region, are the following:

ptp w +X (Figs.la,2a): The distribution is essentially s-

independent for ylab < 0,5 but increases when going from 12 to

24 GeV/c at the larger values of ylab. Except for the lowest P

and ylab > 0,8, the ISR cross sections agree with our 24 GeV/c

cross section,

p+pl1_ﬂ++x (Figs.{b,Zb): The spectrum appears in general to be

s—independent within about 20 % for ylab s 2, from 12 GeV/c up

to ISR energies., However there are "local” exceptions, e.g. the

region y~-0,6 at Py ~ 0,4 GeV/c, where the cross section changes
by ~50 Z between 12 and 24 GeV/c, presumably due to the changing
cross section for nucleon isobar prdduction.

ptp K:+X (Fig.4): We observe an increase by ~50 Z between 12

and 24 CeV/c in the fragmentation region (ylab < 1), and by

about a factor of 2 in the central region,

prp. 2 ptX (¥Figs.5,6): The spectrum decreases from 12 to 24 GeV/c
by ~20 Z, but within the experimental uncertainties the ISR data
appear to agree with the 24 GeV/c data, when plotted as a func-

tion of x,

prp 2 A+X (Fig,7): The spectrum increases by ~30 % at all ylab.

H



Dependence on_ the guantum numbers of the prolectile: Comparvisgon

of our u+, 7w and A spectra in the proton fragmentation region

. . * + . .
with data from other experiments using 7° and K as projectiles
(fig. 8) suggests that the projectile dependence factorizes when

the reactions are exotic,

The-data we show come from J130 000 events (54 000 events)
observed in the CERN 2m hydyogen bubble chamber which was ex-
posed to a p beam of 12 GeV/c ,(24 GeV/c). Events of all topolo-
gies were measured on Flying Spot Digitizers, The FSD also
gives ionization information thus enabling us to distinguish
between different kinematically acceptable hypotheses in most
cases, All negative particles except those with a Qisible Kh,
£ or = decay were assumed to be pions, For the n+ we used
only the c.m, backward hemisphere, .where the fraction of
ambiguities with protons is 10 Z (16 %) at 12 (24) GeV/c.Assum-
ing that all positive tracks are either pions or protons, thesec
ambiguities for the backward a7 could be resolved on a statisti=-
cal basis, exploiting the symmetry in the ¢.m, system. This
procedure will be described in a future publication, The proton
distribution was then obtained'by subtraction of the known ﬂ+
distribution, The distributions of the KZ and A (which includes
the A from 2° decays) are corrected for neutral decays, and also

contain a correction for loss of events with short decay length and

decays outside of the bubble chamber,

—

+ .
In Flg. } we show, as curves, our ®# and 7 inclusive cross

sections 1w ?o/dy dp; at 12 and 24 GeV/c as a functlon of Lhe

lab lab 1/2

laboratory longitudinal rapidity y = sinh /(p, + m ) )

for different fixed values of Note that at ylab = 0 the labora-

P
tory momentum is purely transvezqc(l e, longitudinal momentum
pﬁab - 0), and at ylab = 1,62 (1.97) for 12 (24) GeV/e beam mo-
mentum the c¢,m, momentum is purely transverse, The ISR data are
shown as points with error barss'6'7. Our measurenents are
distributed over all Ppi Lo obtain values at definite Py in

order to compare with the ISR data, we have flttﬁd the p; distri-

butions at fixed ylab with an interpolation function a-exp(hp§+cp )

in small regions of p2

g and have taken the cross sections at fixed



.i.

pi from these fits., The p% distributions are shown in fig,2,
In order not to confuse the picture, the errors of our measure-
ments are not shown on fig. l; they can be seen from fig, 2,

In addition to the statistical errors indicated there, we have
A4 systematic error which we estimate to be 2 % for the 7 and

. N .
~5 Z for the 7 «c¢cross sections,

Both the n+ and the 7 spectra of figs, | and 2 are found
to be s-independent within about 20 % for y1ab < 0, i.e, for

backward going pions, except that in the at spectrum there
seem to be local, energy-dependent structures {(e.g. at y~-0,2,
Pr 0,2 GeV/c and y~-0.6, Py - 0.4 GeV/c) which are presumably
due to isobar production which decreases with increasing energy,
The n+ data continue to be nearly s—~independent also at larger

ylab, essentially in the whole measured ylab range which extends

up to ylab = 2. In contrast to this the w data show increasing
s—-dependence as ylab approaches the central region, near the
symmetry points where the ¢,m, momentum is purely transverse,
However, the increase observed between the 24 GeV/c data and the

ISR data is not much larger than that between 12 and 24 GeV/c,

The same data plotted against the Feynman scaling variable
X = p;/W;/Z) instead of ylab, where pﬁ is the cém. longitudinal
momentum, are shown in fig., 3, For x° >> (pT + m")/s, the speci-
fication of x and Py determines ﬁ;ab independent of s. So for
large x and small Py figf 3 exhibits about the same degree of
limiting behavior as fig. !, Elsewhere the ylab plots exhibits
a somewhat clearer approach to limiting behavior than the x plots,

as one would expect for limiting fragmentation,

For K: production we show in fig. 4 only the integrated
. . . ~ - 2
distributions W ldo/dy and w 1do/de from our 12 aud 24 GeV/e
data, because of the much smaller statistics, The data are .

still preliminary, There is a ~50 % increase of ﬁ“]doldy with

. . . lab ; .
s in the fragmentatiocn rcgion (y < l), and a stronger increase,

by about a factor of 2, in the central region of 1argcr'ylab.

T The curves in fig. 2 are actually not those used to interpolate
the p% distributiouns, but instcad are functions of the form
asexp (bp%) + c'exp(dp%). This form fits over a larger range of
p%, although the fit is not in all cases statistically satis-—
factory, ' .



~ave plotted against y

This is strongly reminiscent of the behavior of the n distri-
butions, although the formation of a central plateau, correspond-
ing to pionization, is not yet apparent in the Kz data, Figure 4
also shows the invariant x distribution, integrated over all pi{

herealso limiting behavior is notl observed,

The inclusive p spectra at 12 and 24 GeV/e (our experiment,
shown as curves) and at ISR energies (shown as points with errors)7

Lab in fig, 5, and against x in fig. 6, The

regions near ylab = 0 or x = -] (p at rest in the laboratory
éystém) are not shown in the left-hand part of fig, 5 and in fig.6,
since there the spectrum peaks strongly due to diffractive scat-
tering, Transverse momentum distributions are also shown in fig.5.
Both the ylab and x distributions show a valley in the central

lab 1,62 or 1,97 at 12 and 24 GeV/c respectively,

region (near y
corresponding to x = 0}, which seems to become deeper with in-
creasing s. In contrast to this, when we plot the non-invariant
distribution d30/d3; we find it to be more nearly flat in the

whole region of [x]| < 0.5,

Our inclusive A spectra, which are still preliminary, are

Lab and x in fig., 7., We have defined x

shown as a function of y
in this case by x = pﬁ/Max pﬁ , where Max p: is the maximum
longitudinal c¢.m. momentum kinematically possible for a A. With
this definition x = 1 always is the kinematic limit, independent
of s, Both the y1ab and the x distributions show some increase
from 12 to 24 GeV/ec., The transverse momentum distribution of the
A's in the region 0 < ylab < 1.62 is also shown in fig. 7; one
sees that the form of the p2 dependence is nearly independent

of § in a fixed region of y¥ab. Note also the development of a
similar dip in the ylab and x distributions near the center

(x = 0); as was already observed for the protons in figs., 5

and 6,

Finally we investigate whether the single-particle distri-
butions in the proton target fragmentation region are independent

of the quantum numbers of the projectile or, equivalently,



whether the (presumable pomeron-dominated) exchange factorizes.
We therefore compare in fig, 8 our ni and A spectra from 12 and
24 GeV/c pp interactions with the published spectra from ﬁ+p,
'n“p and K+p interactions at comparable incident momentaaugl.
‘For the comparison we have scaled our pp data, which are shown
as curves, by the ratio of'the pomeron couplings to the beam
particle, i.e, with 0;(K+p)/0;(pp) = 0,446 and oi(nip)/c;(pp) &
0.615, respectivley, The plotted invariant cross sections
dBG/(d3g/E) are integrated over ET' The abscissa variables had
to be chosen in accord with the published plots from the other
experiments; therefore we use here the different longitudinal
variables ylab, phab and x, .

In Figures 8a,b,c and f the reactions compared with our
data are, in the sense of Chan et al.tz, exotic as are our u°
and A reactions, In these cases the overall agreement in the
proton fragmentation region is seen to be reasonably good. An
exception are the two points in fig, 8¢ at small Py and large
|x| from the 11,8 GeV/c K+p cxperiment8 which, if true, indicate
a very strong deviation from factorization., We remark however
that this discrepancy occurs in a region of quite small cross
sections, so that even a small experimental bias or background
may havé a relatively large effect, One should also,point out
that for Py < 0.2 GeV/c the K+p > 1 X data8 (fig.8c) show
distinctly more concavity than the pp » 7 X data. This is per-
haps a departure from factorization. On the other hand, the less
convincing comparison in fig, éb Ho should be viewed in conjunc-
tion with fig. 8a ? where good agreement is seen with the same
recaction, '

Figures 8d and e show the comparison of some non-exotic
reactions with our scaled pp data, The ﬂ—p > 1 X data to
18,5 GeV/c9 (fig. 8d) are still quitelfar above our pp -+ u X
distribution; in fact Shephard et al.g paint out that their
non-exotic data (fig. 8d) tend towards their exotic spectrum
(fig. 8a), and hence towards our pp - a1 X spectrum scaled (see

fig. 8a), like s_‘l/2 in the proton fragmentation fegion. It may



is different for a m and a proton projectile), To a lesser

also be that at these energies the proton target fragmentation
products are still not well separated kinematically from the

4 . . e -+ .
projectile fragmentation products (whose # /7 ratio presumably

. +
degree, also the non—exotic 7 p =+ w X spectrum at 16 GeV/c 1o

(fig. 8e) is found to lie above our pp - 7% data.
. 8 P
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Fig. 2.
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Fig.,0.
Fig., 7.

Fig. 8,

PR . . . - +
Rapidity distributions of ® and 7w ,

, . . - +
Transverse momentum distributions of % and v .,

Distributions of x = 2 pﬁ/!? for x  and u .
Distribut] £ y'P x and p2 for k®  (uwith x = 2p///®)
istribution of y y x and py for K/ with x pylvs).
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Distribution of x = 2p”//s for protons,

lab 2 . , . . ¥ #
y ;y X and Py distributions for A (with x = p”/Hax Pyl

. - + ; . . .

Comparison of v ; # and A distributions from various

: B~11 ; X K+beau0 with our data
other experiments using 1 oOF 15, Wl €

{(with p beam). The p beam cross sections, multiplied

oo (] o> o0
by the ratio o Jo or o /o respectivel are
a4 ip’ pp K*p’ “pp P Y

shown as curves,
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