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Measurements of inclusive transverse-momentum spectra for charged particles produced in proton-
antiproton collisions at Js of 630 and 1800 GeV are presented and compared with data taken at lower
energies.
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FIG. 1. Cross-sectional view through 4 of CDF central
detector.

We report measurements of the inclusive transverse-
momentum spectra for charged particles produced in

proton-antiproton collisions at the Fermilab Tevatron
collider. Results were obtained at center-of-mass ener-
gies (Js ) of 630 and 1800 GeV over the pseudorapidity
range i ri i

&1 with the Collider Detector at Fermilab
(CDF). A comparasion of our data with lower-energy
data shows that the inclusive cross section at fixed
momentum transverse to the beam axis (pr) continues to
increase rapidly with Js from 23 to 1800 GeV, especial-
ly for pT & 1 GeV/c.

At low Js (&15 GeV) transverse-momentum spectra
are described reasonably well by thermodynamic mod-
els in which the invariant inclusive cross section falls ex-
ponentially. Fermilab, CERN ISR, and CERN SppS
measurements ' show a significant departure from this
form, suggesting an increased contribution due to hard
scattering of partons. In parton models, power-law
spectra modified by fragmentation functions and scaling
violations are expected. In addition, the data show a
slow growth with energy of the average transverse
momentum for Js below 100 GeV and may indicate a
more rapid growth at SPpS collider energies.

CDF is a large azimuth ally symmetric general-
purpose detector built to study pp collisions at the Tevat-
ron collider. Details of CDF are described elsewhere;
the essential features relevant for this analysis are de-
scribed below and shown in Fig. 1.

Beam-beam counters (BBC) were used for triggering.
They consist of two sets of scintillation counters located
at + 5.82 m from the nominal interaction point and cov-
er the pseudorapidity range 3.2 &

i ri i
& 5.9.

The vertex time-projection chamber (VTPC) is a set
of eight time-projection-chamber models used to mea-
sure rl for charged particles and to determine the event
vertex position and overall topology. The acceptance of
the VTPC depends on the position of the interaction but
typically extends to

i ri i
=3.5.

The central tracking chamber (CTC) is a cylindrical
drift chamber located in a 1.5-T magnetic field provided

by a superconducting solenoid coaxial with the beam.

The chamber has 86 layers of wires distributed over its
1.2-m radial thickness. The spatial resolution of each
measurement was & 300 pm. For this analysis the
transverse-momentum resolution, including multiple-
scattering effects, was o~,/pT &0.003 (GeV/c) ' for pT
& 2 GeV/c and i rl i

& 1.
The event trigger required that at least one charged

particle transverse each set of BBC in coincidence with
the beam crossing. A sample of 55700 triggers at 1800
GeV and 9400 triggers at 630 GeV was collected.
Proton-antiproton collisions were selected from this sam-
ple with reconstructed BBC and VTPC information.
The distribution of collision vertices along the beam axis
was Gaussian with a typical o of 40 cm. The position of
the interaction derived from the VTPC was required to
be consistent with that determined from the BBC timing
information. To ensure full acceptance of the VTPC for

i rI i
& 3, events originating at i

z i & 65 cm were reject-
ed. Only events with at least four charged particles in

the range 0&
i ri i

& 3 and at least one particle in each
hemisphere (ri &0, rl &0) were used. The fraction of
triggers due to beam-gas interactions ranged from 4% to
50% depending upon luminosity. The instantaneous
luminosity ranged from 2 x 10 to 4 x 10 cm s ' at
1800 GeV and was -7x10 cm s ' during the sin-

gle 630-GeV run. The contamination of misidentified
beam-gas interactions in the final data sample was es-
timated to be less than 0.5% at 1800 GeV and less than
2.5% at 630 GeV.

Our normalization of the inclusive cross sections does
not depend upon determination and integration of the in-

stantaneous luminosity. Instead, the production cross
sections for events which pass the above selection criteria
were estimated with measurements from the UA4 experi-
ment' to be 43~ 6 mb at 1800 GeV and 34~ 3 mb at
630 GeV. The integrated luminosity was determined
from these cross sections and the total number of events
passing our trigger and selection criterion. Uncertainties
in our estimates of these cross sections are the principal
source of error in the overall normalization of the pre-
sented results.

Tracks were required to traverse all layers of the CTC,
corresponding to i ri i &1, and to pass through the in-

teraction vertex within the accuracy given by the mea-
surement error and multiple scattering: 5 cm along the
beam direction and (0.5 +0.7/pT)' cm in the trans-
verse plane.

The track-reconstruction elciency was determined by
two independent models. First, simulated tracks of vari-
ous momenta were superimposed on real events and
reconstructed with the standard reconstruction program.
Second, CTC information for 500 reconstructed events
was displayed with an interactive program and mistakes
made by the standard reconstruction were corrected.
Efficiencies determined with the two methods agree.
Charged particles with pT less than 0.33 GeV/c spiral in-
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FIG. 2. Inclusive cross sections for rapidity iy i &1.0 and
fitted curves with pp fixed at 1.3 GeV/c.

side the solenoid. To ensure high and uniform recon-
struction efficiency, only tracks with pT above 0.4 GeV/c
were used. For this analysis the average reconstruction
efficiency was (99+' l)%, independent of the vertex posi-
tion, polar angle, and event multiplicity. The ratio of the
transverse-momentum spectrum of positive particles to
that of negative particles for pT & 0.4 GeV/c is 1.00
+ 0.01 independent of pT. All results are presented as
the average of the spectra particles with both signs of
charge.

The observed pT spectrum was corrected for decays of
charged pions and kaons, secondary interactions, photon
conversions, and decays of neutral strange particles. The
largest of these corrections was & 5%. Misreconstruc-
tion of the trajectories of decaying charged pions and
kaons were studied by reconstructing simulated decays

FIG. 3, Energy dependence of inclusive cross sections.
Chicago-Princeton (CP) (y =0) Ref. 2, British-Scandanavian
(BS) (y=0) Ref. 3, UA1 (iy i

& 2.5) Ref. 7, and CDF (iy i

& 1.0) collaborations.

and applying our acceptance cuts. The contribution
from misreconstructed decays and the distortion of the
spectrum due to finite momentum resolution were both
negligible. Although for pT & 1 GeV/c multiple-scat-
tering and other systematic effects degrade the momen-
tum resolution, it always remains very small compared to
the bin size in pT used for the spectrum. The overall
correction was (2% and nearly independent of pT for
pT & 0.5 GeV/c. The largest overall correction was 10%
at pT =0.4 GeV/c where reconstruction efficiency correc-
tions are largest. Invariant cross sections were calculat-
ed assuming all particles to be pions.

Our results are shown in Fig. 2. The shape of the in-
clusive cross section at 630 GeV agrees very well with

TABLE I. Fit parameters of Ed'o/d'p =Apl/(pr+po)". Quoted errors are purely statisti-
cal.

Js
(GeV)

Fit interval
(GeV/c) [10 ' cm'/(GeV'/c')1

po
(GeV/c) g' &DF

1800

630
1800
630

0.4-10.0
0.5-10.0
0.5-5.0
0.4-4.0
0.4-10.0
0.4-4.0

0.45 w 0.01
0.45+ 0.01
0.47 w 0.01
0.27 ~ 0.01
0.45+ 0.01
0.33+ 0.01

1.29 ~ 0.02
1.29 ~ 0.02
1.25 ~ 0.01
1.63 ~ 0.13
1.30 fixed
1.30 fixed

8.26+ 0.08
8.26+ 0.07
8.12+ 0.05
10.2+ 0.56
8.28 ~ 0.02
8.89 ~ 0.06

102
90
86
32

103
39

64
62
59
33
65
34

546 (UA1) 0.3-2.0 0.46 ~ 0.01 1.30 fixed 9.14+ 0.02 29 32
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FIG. 4. Energy dependence of (pT&. UAl resUlts are aver-
aged over jet and nonjet samples (Ref. 4); ISR values are aver-
aged over particle types (Ref. 8).

the measurements of UA1 (Ref. 7) and UA2 (Ref. 5) at
546 GeV over the full range in pT we present.

Figure 3 shows a comparison of inclusive cross sections
measured at Js values from 27 to 1800 GeV. We find
that the previously observed fiattening in the shape of the

pT distribution with energy continues up to 1800 GeV.
Invariant cross sections were fitted with the functional

form

Ed tT

d 3p

n

(pT+ po)"

The fit parameters 8, po, n, and their statistical errors
are given in Table I. Fitted curves are shown in Fig. 2.
We find that po and n are highly correlated. When fit-

ting the data with pti fixed at 1.3 GeV/c, the power n de-
creases by 0.6 as the center-of-mass energy increases
from 630 to 1800 GeV. Our result at 630 GeV, n =8.89
+ 0.06, is in reasonable agreement with the UA1 result
at 546 GeV, n=9. 14~0.02. Results of the fits were
stable against changes of the pT range used in the fit.

Our determination of the mean value of transverse
momentum (pT) relies on the extrapolation of the ob-
served spectrum to pT=0. The error in (pT) due to un-

certainty in the shape of the spectrum at low pT was re-
duced by the use of constraints from the measurement of
dN/drl. By integrating our fit to the inclusive spectrum
for pT )0.4 GeV/c and subtracting this from dN/drt, we
obtain dN/dq for particles with pT &0.4 GeV/c. We
then describe the low pT portion of the inclusive spec-
trum with a function adjusted to the spectrum for 0.4 to
0.8 GeV/c and constrained to yield the correct dN/dt)
for pT & 0.4 GeV/c. By varying the functional form" of
the pr spectrum for pT & 0.4 GeV/c with fixed dN/drt,
the systematic error on (pT) was estimated to be -0.003

GeV/c. A preliminary analysis of VTPC data yields a
ratio of dN/dri at 1800 GeV to that at 630 GeV of
1.27+ 0.04. Interpolation of dN/dt7 measurements' in

the range 200 to 900 GeV gives dN/dr1=3. 304-0.15 at
630 GeV for g ( 1, in agreement with our own prelimi-

nary VTPC results of 3.2+ 0.3. Using these values we

obtain (pT) =0.432 ~ 0.004 GeV/c at 630 GeV and
0.495 ~ 0.014 GeV/c at 1800 GeV. The estimated errors
include uncertainties due to the extrapolation to pT =0,
the value of the low-pT cutoA', and in the ratio dN/dri.
In addition, the 5/o uncertainty in the value of dN/dq at
630 GeV gives an additional error of 0.020 GeV/c com-
mon to both values of (pT). We note that our result for
(pT) at 1800 GeV is in reasonable agreement with the re-
sult (pT) =0.46~0.01 for particles below 3 GeV/c re-
cently reported. ' Figure 4 shows that (pT) grows
significantly as a function of center-of-mass energy ' in

our energy domain, in agreement with the trend observed
in cosmic-ray interactions. '
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