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New data are presented on longitudinal and transverse momentum spectx'a of A and @&0

produced in pp- A+ anything and pp- K',0+ anything at 13, 18, 31, 94, and 28 GeV/c.
The A spectra. show little variation with energy. The g &

inclusive cross section in-
creases by -5~ over our energy range, indicating that for this process the threshold
for scaling and limiting fragmentation may be above 30 GeV/c. Tests of Mueller-Regge
phenomenology are discussed.

Experimental studies' demonstrate that single-
pion inclusive spectra become energy indepen-
dent, or nearly so, at lab momenta well below 30
GeV/c. This success at low energy has led to
broad acceptance of the concept of limiting behav-
ior in inclusive processes. " Based on the work
of Mueller, 4 more detailed Regge-pole analyses
have also been proposed. ' Estimates have been
made for the rate at which 1irniting behavior
should be attained; these predictions have met
with success, again for pion production. " How-
ever, little information has been available up to
now on energy dependence or shapes of inclusive
spectra of K, A, or of other heavy produced had-
rons. ' ' In this note, we present new data on the
longitudinal and transverse momentum spectra of
A and K,' produced in reactions PP -A+ anything"
and pp-K, +anything at 13, 18, 21, 24, and 28
GeV/c. From the point of view of testing limiting
behavior" and Mueller-Regge phenomenology, 4'
the value of a systematic comparative study of

single-par ticle distributions for several incoming
energies cannot be ovexemphasized. '

Data were obtained from a total of 75 000 pic-
tures taken at the Brookhaven National I abora-
tory 80-in. hydrogen bubble chamber. At each
momentum, the beam flux corresponds to about
0.5 evellts /ilb. Evellts witll OIle ol Illol'e visible
vees, independent of the primary interaction to-
pology, were scanned and measured. The resul-
tant efficiencies for scanning and measuring
were 98 and 87%, respectively. Of the final sam-
ple of vees, after kinematics and ionization com-
parisons were applied, 97% of the A sample and
95% of the E,' sample were identified uniquely.
Utilizing the forward-backward symmetry in the
c.m. , we determined that 13 and 17% of the for-
ward A's were lost at 13 and 28 GeV/c, respec-
tively, principally because of the peripheral na-
ture of A production. The A data presented here,
with the exception of Fig. 3, are only for events
with x &0 (x =2P~, /Ws, where P~, ~ is longitu-
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FIG. 1. (a) Normalized, Lorentz-invariant inclusive distribution for A from pp AX plotted versus x=2pl e~ /
v s, where pz ~ is the A's longitudinal momentum in the c.m. system. Data are averaged over the energy interval
13 to 28 GeV/c and summed over all pr . Shown for comparison are results of Bef. 9 for E+p AX at 12.7 GeV/c,
The dashed curve is a polynomial fit to the KP data; only three representative KP points are shown. For PP data,
or ——40 mb; for Kp data, or =17.4 mb. (b) Energy dependence of A inclusive cross section in four selected intervals
of x.

dinal momentum in the c.m. system}. In Fig. 3,
corrections have been made for these losses, and
cross sections quoted are for both hemispheres
in the c.m. system. No similar effects were
noted for the K,o sample; consequently, distribu-
tions have been folded about x =O.

In Fig. 1(a), we display the normalized, Lo-
rentz-invariant x distribution of A from" PP -AX.
In an effort to increase statistics, we average
events from all five values of incident momen-.
tum. As is shown in Fig. 1(b), we observe no
change in either shape or normalization of the
distribution in x as energy is varied. We remark
also that the laboratory longitudinal momentum
dls'tl'lblltloll dQ'/dpi t RdvocRted ill Refe 3t Rlso
shows no energy variation, within our statistics,
fol' IIL &4 GeV/c. No't sllowIl llel'8 Rl'8 distrlbu-
tlolls ill pr ~

but we remark tllRt fol' both A Rlld

E,o the shape of E(P r') is represented well over
the range 0&Pz, &1 (GeV/c)' by exp(-4Pr'). Here
E(Pr') = fdP~(Edo/dP~dPr') averaged over s.

Spectra from PP -K,'X are given in Fig. 2. In
Flg 2(R) we sllow the folded x distributions fol'
events from all five momenta. These data may
be parametrized roughly by the form exp(- 5 Ix I).
Energy dependence is shown in Fig. 2(c). For es-
sentially all lx I, we observe that the K inclusive
spectrum increases by -50% in magnitude as en-
ergy is increased from 13 to 28 GeV/e. This
shows that for energies up to 30 68V/e and values
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FIG. 2. (a) Normalized, Lox'entz-invariant inclusive
distribution for X&0 from PP K& X plotted versus ix),
Folded data from both the & & 0 and & & 0 hexQispheres
are shown on the plot. (b) Normalized K~ inclusive
distribution plotted versus ql. , the longitudinal momen-
tum of K&o. Each event is plotted bvice, once in the lab
frame and once in the projectile frame. (c), (d) Energy
dependence of K& inclusive cross sections in selected
intervals of i@I and qz, respectively. Solid lines are
best linear fits to data; fitted expressions are (c) (0.1
+ 0.4) + (0.2X+ 0.04)&»b and (d) (5.5+ 0.5) + {O.Z ~ 0.03)e&+.
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of lx t~ 0.6 the Feynman sealing limit ha, s not
been achieved for PP -K,'X. Moreover, the data
suggest that, if a limit exists, the inclusive cross
section rises to meet this limit as s is increased.
In other words, scaling may be approached from
below. These two facts differ from single pion
production. ' Gver energy intervals comparable
with ours, pion spectra are observed either to be
independent of s for Ix l&0.1, or to fall by -20%.

Qualitatively different s dependence of K spec-
tra is observed when data are plotted versus lab
lollgl'tudlllal momentum as sllowll ill Figs. 2(b)
and (d). For q~ & 1 GeV/c, a 50% increase with
energy is evident in Fig. 2(d). However, for 0&q~
&1 GeV/c, the rise is more gradual and, indeed,
perhaps absent. For q~ small (i.e. , q~ «-,'v s),
the hypothesis of limiting fragmentation~ (LF) as-
serts that as s increases, d'o/dq~dP r' should ap-
proach an energy-independent limit. In our ex-
periment, the region of small q~ may be taken to
include events which fall below the peak in the q~
distribution of Fig. 2(b). Taking the more con-
servative cut 0&qua &1 GeV/c, we observe that
our data, are superficially consistent;with the as-
sertion that LF for pp-K, X is achieved for p»b
=10 GeV/c. With y' probability of = 50%%uo» an en-
ergy independent horizontal line may be drawn
through the small-q~ points in Fig. 2(d). On the
other hand, we remark that statistics are im-
proved if we compare averages of results ob-
tained by combining data at neighboring energies.
We define low (L) and high (H) energy intervals
by combining data at 13 and 18 GeV/c and at 21,
24, and 28 GeV/c, respectively. For 0&q~ &1
GeV/c, o~ 'do/dq~ has average values 7.0+0.8
and 8.6+ 0.6 (GeV/c) ' in the L and H intervals.
The difference is 1.6+'1.0. Although by no means
conclusive, this suggests that PP -K,'X does not
exhibit LF below 30 GeV/c. In any case, analysis
in terms of q~ shows that whereas constant limits
may not have been achieved, I F is a bettex' inter-
pretation of the E data than Feynman sealing.

According to Mueller-Regge analysis, ' the in-
variant inclusive cross section for a+6 - e +X is
predicted to have s dependence of the form

=&(p,', q', ) +&(p;, q, )/s'".

dpi'

dql

The functional forms and relative magnitudes of
A and B are not specified. However, for cases
in which the quantum numbers of (abc) are exotic,
duality is used to predict that B is zero. ' This
model interprets nicely the observed energy inde-
pendence' of Pion inclusive cross sections for

exotic pp - w'X and w'p —w X» it accommodates
also the 20% fall of spectra from nonexotic w p
—w X and w'p —w'X. ' Moreover, it relates cor-
rectly the relative normalizatione of PP - w X,
K'P —w X, and w "P —w X. For bothPP-KXand
pp -K X, the quantum numbers of abc (and ab)
are exotic. Therefore, current versions' of the
Mueller-Regge model predict energy-independent
inclusive cross sections for both, and for any lin-
ear combination of the two. In particular, the
prediction of an energy-independent PP -K,'X in-
clusive cross section appears to disagree with
oUr data.

From the point of view of Mueller-Regge phe-
nomenology, based on the three-to-three forward
elastic abc amplitude, it is difficult to see why
there should be much difference between pp —wX

and PP -KX over our energy range. The differ-
ence in mass between m and K might account
through kinematic effects for a difference of 1 or
2 GeV/c in threshold value for onset of limiting
behavior, but our data suggest that for K produc-
tion the threshold for scaling behavior i,s above
30 GeV/c, a factor of at least 4 in lab beam mo-
mentum above where limiting behavior sets in for

Strangeness may be playing a curious role,
although, in the Mueller-Regge approach, a
strong strangeness-related difference between
energy dependences of PP —wX and PP -KX is not
expected. On the other hand, differences between
m and E production may be expected from multi-
peripheral model arguments, based simply on the
substantial mass difference between (KR) and ww.

Inasmuch as mean multiplicity grows slowly, the
available peripheral phase space for EE produc-
tion increases considerably over the range 10 to
30 GeV/c.

Altllollgll pel'llaps lllcoIlslsteI1't wltll pp KI X»
the Mueller-Regge approach predicts no energy
variation of the (exotic) PP -AX spectra, in agree-
ment with oui data. Mox'eovel, the model may
be used, along with factox ization arguments, to
predict

1 2E do(K'p- AX)
op+a Ws dx dp r

1 2E do'(pp —AX)
»ov s dxdpr'

va11d f01' x&0p 1n the proton-fragmentation x'e-
gion. Here o~+~ and o» are the asymptotic total
cross sections for K'p and pp scattering, respec-
tively. This equality is satisfied, as we show in
Fig. 1(a).
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In Fig. 3, we show that the cross section" for
production of EX+anything rises rapidly in the
energy range of our study, whereas o'(AK+any-
thing) changes little. This behavior appears to
hold also for n p reactions. " It is obvious that
if we were to divide our inclusive E, distribu-
tion, at a given energy, by the total cross section
for K,' production at that same energy, then the
resulting normalized inclusive distribution would
be nearly independent of energy.
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