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Single-particle spectra from multiparticle production in Pp collisions at 28.5 Gev/&
from bubble-chamber data are compared vrith cosmic-ray emulsion data above 10 GeV,
The spectrum at high energies does not develop a plateau as expected from multiperiph-
eral models, and the target-fragmentation cross section decreases, approximately as
1/ins.

Much attention has been given recently to pre-
dictions that hadronic multiparticle spectra of
high-energy particle collisions approach finite en-
ergy-independent limits. ' Tests have come main-
ly from experiments below 30 GeV,"from the
cosmic-ray experiment of Jones et al. ,

' and from
the CERN intersecting storage rings' at primary
energies corresponding to laboratory energies- l0' GeV. In this I etter, another order of mag-
nitude is gained by comparing 28-GeV pp colli-
sions in a bubble chamber with cosmic-ray inter-
actions at ~ 10 GeV in nuclear emulsions.

We study single-particle inclusive distributions;
1.e.~

a+ 8 -c+anything,

where a is the beam particle, b the target, , and c
any charged secondary particle whose distribution
we plot. A single event contributes as many en-
tries to a plot as it has charged prongs e. The
total inclusive cross section for charged secon-
daxy particles then is

Zg 8g Ogof y

where n, is the meRn multiplicity of charged sec-
ondaries and 0„, is the total cross section of in-
cluded events.

In cosmic-ray emulsions, track angles are
measured. Because of its unique Lorentz-trans-
formation properties, the variable U~ is chosen,
where

U, = log„tane„

L, denoting lab quantities and 8 the polar angle
with respect to the incident particle direction.
U~ is a good approximation to the rapidity' y
whi. eh satisfies the Lorentz-invariant condition
dp = dp ((/E and

Z+ p ~, (p,'+m')"'
S =-2 logm E &+ps

in any rest frame, where p~ and p ~~
are incident

momentum components, and m and E are the
mass and energy of particle c. From (4), it fol-
lows that

X&=V& I +g,o.[r(I P)+] = &&+log„(2y),
y&& &,

with y=(1 —P') ""' the Lorentz factor for lab to
c.m. (C) transformations, showing that shapes of
distributions in y (or, to a good approximation,
Uz) are the same in different frames, and only
the scale is shifted.

At these cosmic-ray energies the variable UI,
is closely related to yr. and therefore to y z. Sec-
ondary particles in these collisions are mainly
pions, with mean transverse momentum P'~-0. 4
GeV/c. It follows that p ~~

~'»p~'»m„' for most
secondaries, so that

—U~ -&c+ logic'

from (3), (4), and (5). The distribution of charged
secondaries in a typical high-energy event is ap-
proximately symmetric in the c.m. system, so
that the mean value y~=0. Therefore the mean
value U~ =log„y is a measure of the primary en-
ergy (Castagnoli technique), i.e., E~; =21'x {«r-
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FIG. 1 Integral angular distribution in the large-
angle region for accelerator energies 20-30 GeV and
cosmic-ray energies above 10 GeV.

surement). The plots include all events with four
or more prongs. The omission of two-pronged
events, which would add at most 6%%u& to the inclu-
sive cross section, does not affect the conclu-
sions drawn. [It is difficult to decide how to in-
clude inelastic two-pronged e t, beven s, ecause elas-
tic and perhaps quasielastic events, i.e. +

( =-, ), must be excluded. ] Two-pronged
events broaden the spectra slightly, so that their
inclusion would actually strengthen later conclu-
sions.

~ & Our plots are normalized by the require-(7i
ment that the integral over the entire inclusive

inc usive cross sec-spectrum must be the total incl
tion, i.e.,

Zz = J™x(dv/dU~) dU~.

The magnitude of Zz(28. 5) is easily computed
[Eq. (2)] from the values of F7 and vn, an 0„, measured
in the bubble-chamber data Th e same value of
o„, is assumed for computing Z (~104 a
sum tip ion consistent with cosmic-ray data show-
ing total cross sections to be essentially energy-
independent. " Thus Z varies as, . 0n, . ur esti-
mate of Z, (-10') may be somewhat too large
since o„,for pion primaries is expected to be
smaller (by not more than 50%%u).

" Ass we shall
see, the normalization uncertainty does not affect
gross comparisons with 28.5-GeV data; the direc-
tion of the une uncertainty if anything strengthens the

get mass).
Before discussing comparisons, some facts

about the data are outlined:
t. & Hydrogen-like events in photographic emul-t'1~ H

sions are chosen by accepting only events with a
sma. ll number (N„) of accompanying heavily ion-
izing prongs. When W„«5, it has been shown that
mean multiplicities and angular distributions are
very similar to pure hydrogen events, whereas
for much larger values of N„significant differ-
ences occur. '

(2) The primary energy of the cosmic-ray
events at ~ 10 GeV was determined by the Casta-
gnoli method, ' which has been established near
30 GeV with accelerator beams of known energy. '
If highly asymmetric events (backward in the
c.m. system) escape classification because of an
underestimate of the Castagnoli energy, their
forward asymmetric counterparts shouM be seen
(in forty events only one such candidate was
found).

(3) Spectra. of cosmic-ray secondaries are
p o ted only for tracks with ionization &1.4 of thelott
minimum in order to reject nuclear evaporation
prongs. For consistency, the bubble-chamber
tracks plotted have a velocity P &0.7 to corre-
spond to the ionization cut in the cosmic-ray data.

(4) The cosmic-ray sample consists of forty in-
teractions with neutral as well as singly charged
primaries (protons and pions) from the Universi-
y of Chicago group o and ICEF collaboration'

(both sets were scanned with similar criteria).
The Castagnoli method yields 34 events with pri-
mary energies 10'-10' GeV and 6 events with
more than 10' GeV. The observed mean multipli-

are chosen because of larger scanning losses"
for lower multiplicities; however, the expected
number of events with n, «6 is negligible at ~ 10'
GeV. Accounting for the missing events we es-
timate that the "true" mean multiplicity is not
smaller than 15. This value also allows for a
slight increase in multiplicity caused by interac-
tions of secondaries within the nucleus.

(5) To check the validity of the cosmic-ray an-
alyses, we applied similar criteria to events pro-
duced in photographic emulsions by 20- and 27-
GeV accelerator proton beams. The validity is
established in the discussion of Fig. 1, where the
low-energy emulsion results are shown.

(6) Our sample of 28.5-GeV pp events has 104

interactions of all multiplicities, measured with
the Brookhaven National Laboratory flying-spot
digitizer (which provides reliable ionization mea-
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later conclusions. The values are &,(28.5) = 115
mb s,nd Z (& 10 ) =350 mb.

(8) Studies of data at &30 GeV show that the
shapes of the target-fragmentation spectra are
remarkably independent of the nature of the beam
particle'; this leads us to assume that, similarly,
at ~ 10 GeV primary momentum the spectra of
pion-produced and nucleon-produced secondaries
are shaped alike.

The data, selected according to the foregoing
criteria, yield differential inclusive cross sec-
tions do/dU~, plotted as a function of U~ in Fig.
2, The different primary energies are indicated
by the arrows for the different mean values UL.
The spectra are nearly Gaussian" both at 28.5
and at ~ 10 GeV.

If the inclusive spectra were to scale as pre-
dicted by multiperipheral models" with -30 GeV
as the starting point, at 10' GeV the spectrum
would appear as indicated by the smooth curve
shown in Fig. 2. (The dashed line shows, in an
approximate way, how this predicted curve would
be modified to include events with primaries & 10
GeV). The expected plateau is not seen; instead,
the cross section at y, = 0 (Oo = 90') appears about
twice as large at 10' as at 30 GeV.

If the inclusive spectra of target fragments
reach an energy-independent limit at 28.5 GeV,
distributions should overlap at large UL. If all
particles produced backwards in the c.m. system
are assumed to be target fragments, then for the
backward hemisphere, which corresponds roughly
to U~ & —0.6 (8~ & 14'), the spectrum could, in
principle, be energy independent. However, for
UL & —0.06, the 28.5-GeV data are, bin by bin,
consistently higher than the data at & 10 GeV by
a factor & 3. A more stringent test would be for
UL & 0 which roughly corresponds to lab momenta
S 0.5 GeV since P~-0.3-0.4 GeV independent of
primary energy. Indications of limiting behavior
have been seen at primary energies &30 GeV for
pion spectra with &0.5 GeV in the lab." The
selection criterion that P &0.7 for plotted tracks
[item (3) above] infers that these tracks with U~

0 are mainly pions. It is seen in Fig. 2 that for
UL & 0 the compared distributions remain signifi-
cantly different (more on this below).

The large-angle region is studied in more de-
tail in Fig. 1, in terms of the integrated cross
section

v(& Ui) -=f (do/de, ) de, .

The smooth curve in Fig. 1 represents the bubble-
chamber data.
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FIG. 2. Differential angular distributions for 28.5-
GeV pp interactions and cosmic-ray energies above 10
GeV. Central values of rapidity distributions are indi-
cated by arrows for 2.8&&10, 104, and 28 GeV. The
solid and dashed lines are multiperipheral model pre-
dictions discussed in the text.

The aforementioned exposures [item (5)] of
emulsions to 20- and 27-GeV proton beams at the
CERN proton synchrotron yield the distributions,
extracted from publications, "shown in Fig. 1.
These distributions show excellent agreement
with the 28.5-GeV bubble-chamber data. This
agreement lends support to the validity of the
emulsion technique in selecting hydrogenlike
events, and so to the inference that the same
selection procedure is valid for the cosmic-ray
events at ~ 10' Gev.

Comparing the 20-, 27-, and 28.5-GeV data
with the ~ 104-GeV data shows that the lower-en-
ergy cross sections are significantly larger for
all U~. For U~ & 0 (fragmentation region) it is
seen that

dv
— (&3O GeV) =3 (-1O' GeV).

do'
4

L L

Regardless of the justification of identifying pure
hydrogen with hydrogenlike interactions, com-
parison of the emulsion data at & 30 GeV with that
at ~ 10' GeV can be interpreted as fragmentation
of the nuclear targets. The conclusion is the
same; namely, the inclusive-spectrum cross sec-
tion changes in the target-fragmentation region,
Uz, & 0, approximately as (lns) ', where s is the
squared c.m. energy.

If the shapes of the plotted spectra are correct,
this decrease in cross section seems inescapable.
As discussed earlier, the data are normalized

174'7
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so that the areas of the distributions, Fig. 1, are
equal to the respective inclusive cross sections.
The value of Z~(28. 5) is probably slightly low
[item (6)], while Zz(~ 104) is probably somewhat
large [item (4)], indicating that the observed en-
ergy variation, if inaccurate, is larger. Further-
more, if one were to renormalize Z (~ 10') so
that the spectra would overlap in the large, U~
~ 0, region, the product n, (~ 10 )o„,(~ 10 )
would have to be increased by a factor -3, an in-
crease inconsistent with the experimental values
of these quantities. Accordingly, the conclusion
is maintained that the cross section in the frag-
mentation region decreases as -(lns) ' in the
range ~30 GeV to-104 GeV.
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