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entropy but preserve "small" mass fluctuations
of galactic size. Such a solution would necessar-
ily imply a growth of the specific entropy in time
or a corresponding increase of p. extrapolated
back in time, with p. »1 allowed in principle.
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We have measured the single-photon cross section in the reaction p+p-p+ anything
for incident proton momenta from 50 to 400 GeV/c and lab angles of 80, 100, and 120
mrad. It is shown that in the range P~=0.3 to 4.3 GeV/c, the derived ~ invariant cross
section can be factorized into a product of two functions, one in p~ and the other in a
new scaling variable xs=P*/P~~*, where p* is the total c.m. momentum of the z~.

The study of the production of pions with large
transverse momentum p~ in proton-proton colli-
sions is expected to give insight into the short-
distance structure of the proton. ' ' Great inter-
est in this field has been stimulated by the exper-
imental results obtained at the CERN intersect-
ing storage rings and at the National Acceler-
ator Laboratory (NAL). 7'8 Busser et al. 4 at the
intersecting storage rings were the first to show
that near 90' in the PP c.m. system, the large-P ~

data were consistent with a scaling behavior with
respect to the variable x~=2P~/v"s. On the other
hand, it has been known for several years that
the small-P~ single-pion inclusive data, exhibit
scaling with respect to the variable x~, = 2p~, */fs
at all c.m. angles. In this experiment, data have
been obtained on single-w inclusive spectra from
40 to 110' in the pp c.m. system and for 0.3 ~ p~
~ 4.3 GeV/'c. It has been found that the cross sec-
tions scale when the "radial" variable x„=p*/
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P „ is used. This new radial scaling variable,
x&, may be regarded as a generalization of the
previous variables x& and xtl. Clearly, in the ap-
propriate limits of small P~, xs tends to x~, ,
while at small P ~~*, x„ tends to x~.

We have measured the photon energy spectrum
in the process p+p-&+ anything for incident pro-
ton energies from 50 to 400 GeV. Data were ac-
cumulated at three angles, 80, 100, and 120
mrad, over a range in photon transverse momen-
tum from 0.3 to about 4.3 GeV/c. On the assump-
tion that all the detected photons came from w

decay, +' the observed photon energy spectra
were then converted into invariant m' cross sec-
tions using Sternheimer's' prescription.

The experiment was performed at the internal
target area at NAL, using both a hydrogen gas
jet" and a rotating carbon-fiber target which in-
tercepted the accelerator's internal proton beam.
The detection system' consisted of a lead-glass
shower counter which was used to measure the
y-ray energy, and scintillation counters which
were used to separate incident y rays from had-
rons and muons. Because the y-ray opening an-
gle in the decay m'-2y was larger than the an-
gular acceptance of the spectrometer, the detec-
tor was sensitive to only one of the two m'-decay
photons.

At each angle, the normalization of the y-ray
cross sections, and hence the m' invariant cross
sections, was determined from a short run using
the hydrogen-jet target, where a solid-state de-
tector was used to monitor the rate of recoil pro-
tons elastically scattered at small momentum
transfer. By using the known'2' ~' PP elastic cross
section to determine the luminosity, the absolute
y-ray cross section was then obtained. The ma-
jor portion of the data at each angle was taken
while using the rotating carbon-fiber target. To
establish that the experiment was not sensitive
to complex target effects, y-ray data were col-
lected for both carbon and hydrogen at 100 mrad
for incident energies between 50 and 400 GeV and

p~ up to 3 GeV/c. There was no observable dif-
ference in the shapes of the y-ray spectra from
the two types of targets. '

Figure l displays the P~ dependence of the m'

invariant cross section for the data obtained at
80 mrad. At a fixed P~, the cross section rises
with increasing incident momentum; at p~=2
GeV/c, there is roughly. a factor of 25 between
the cross sections at incident momenta of 50 and
250 GeV/c. Furthermore, the slope of the cross
section at large p~ decreases with increasing in-
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FIG. 1. The invariant ~ cross sections at 0@b=80
mrad plotted versus p~ for four incident proton momen-

ta, 50.9, 105.9, 900.9, and 250.9 GeV/c.

cident momentum.
The w' invariant cross section reveals a strik-

ingly simple behavior when it is expressed in
terms of certain variables. For the three lab
angles 80, 100, and 120 mrad, we find that the
invariant m' cross section is well represented by
the product of two functions, f(x~) andg(P~); that
is,

«'c/dp' = f(xa) g(p i)

The variable P~ is the familiar transverse mo-
mentum of the n' while the radial scaling variable
x~ is the ratio of the w' momentum to the maxi-
mum momentum,

x„=-p */p ~„*—= 2p */Xs.

For a particular lab angle, the data from this ex-
periment cover a large range of xa for fixed p~
and thereby allow an accurate determination of
the scaling function f(xa). By an iterative pro-
cedure, self-consistent solutions for the func-
tions f(x„) and g(P~) were obtained from the in-
variant m cross sections. The resulting func-
tions f(x~) and g(P~) for 80 mrad are shown in
Figs. 2 and 3.'

The degree to which the radial scaling function
f(x~) is independent of the transverse momentum

P~ for a particular lab angle can be seen in Fig.
2. This figure shows that f(xa) is, to a good ap-
proximation, a unique function of x&, which dem-
onstrates the validity of the factorization of the

invariant cross section. The solid line of Fig.
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FIG. 3. The functions g(p~) calculated for four inci-
dent momenta at 80 mrad are compared with each other
and with the functional form (p~'+0.86) 4'5.
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FIG. 2. The functions f (xj))calculated for twelve
fixed p~ values for the SQ-mrad data are compared
with each other and with the functional form (1-x/4.

2 is a constant times (1 —x~) and gives a con-
venient although rough description of the scaling
function f(x~). The representation of f(x~) used
in subsequent analysis was a minimum-y' fit by
a fourth-order polynomial in x„.

Having determined a unique f(x~), we compute
the transverse momentum functiong(P~) for each
incident momentum as the invariant cross section
at that momentum divided by f(x~). In Fig. 3,
this result has been plotted for four different in-
cident proton momenta from 50 to 250 GeV/c for
the same lab, angle, 80 mrad. It can be seen that
g(p~) appears to be a universal function over six
decades in magnitude, even though, as noted pre-
viously, the m' inclusive cross sections vary
widely in shape and magnitude over this same
range inP~ and incident momentum. This im-
plies that g(p~) has reached its asymptotic limit
even at an incident momentum as low as 50 GeV/
c. The solid line in Fig. 3 has the functional de-
pendence (P~'+ 0.86) ~' and fits the data well for
P ~ & 0.5 GeV/c.

The functions f(x~) and g(p~) were determined
separately at each angle of 80, 100, and 120
mrad. The radial sealing functions f(x~) agreed
to within+10% for 0.1 ~x+-0.7. Similarly the
three intrinsic transverse momentum functions

g(p~) were consistent with each other within the
errors of the data. A three-parameter minimum-
)(' fit was made to the 80-mrad g(P~) function for
each incident momentum bin from 50 to 300 GeV/
c, and an average fit was determined. Compar-
ing this average fit to the 80-, 100-, and 120-
mradg(p~) functions over their respective inci-
dent momentum ranges yielded an average y' per
degree of freedom of 0.7, 0.4, and 1.6, respec-
tively.

In conclusion, from 40 to 110 in the c.m. sys-
tem and from 50 to 400 GeV/c incident momenta,
we have shown the following: (a) The w' inclusive
production cross section in pp collisions factor-
izes into a product of two functions, f(x~) and
g(p~). (b) Both the radial scaling function f(x~),
where x& is a new scaling variable, and the trans-
verse-momentum function g(p~) are universal
functions over these kinematic ranges. (c) Ap-
proximate analytic expressions for these func-
tions are

f(x„)CC (1 —x~)'

g(pz) ~(pi'+0. 88) "'.
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We show that over a very wide range of c.m. angles, energies, and transverse momen-
ta, the invariant cross sections for inclusive production of hadrons in pp collisions show
a very simple behavior when expressed in terms of a new radial scaling variable xa —=p /
p ~~*, where p* is the total c.m. momentum of the hadron.

xa -=p+/p, „+ = 2P+/v's. (2)

The observed dependence on x~ can be approxi-

In a separate Letter, ' we have presented data
on inclusive s production from PP collisions at
the National Accelerator Laboratory (NAL), show-
ing that for c.m. angles from 40 to 110', trans-
verse momenta from 0.3 to 4.3 GeV/c, and inci-
dent energies from 50 to 400 GeV, the invariant
cross sections factorize very simply into the pro-
duct of two universal functions:

«'o/df ' =f(x&)S(P.),

where x~ is an angle-independent scaling vari-
able,

mated by

f(xa) ~(1 —x„)',
and the intrinsic transverse-momentum depen-
dence by

g(p )~(P '+ m') ", m'=0. 86 GeV'. (4)

The simplicity of this factorization and the wide
kinematic range over which we have found it ap-
plicable make it desirable to examine other Pp
inclusive data. Although the available data are
limited, we feel it is important to provide an
initial overview of an emerging pattern for inclu-
sive measurements in strong interactions.

We have compared our results with other inclu-


