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We present a measurement of the inclusive jet cross section in pp collisions at Js =1.8 TeV at the
Fermilab Tevatron using the Collider Detector at Fermilab. Good agreement is seen with the predic-
tions of recent next-to-leading-order [O(a,,3)] QCD predictions. The dependence of the cross section on

clustering cone size is reported for the first time. An improved limit on A, , a term characterizing possi-
ble quark substructure, is set at 1.4 TeV (95% C.L.).

PACS numbers: I 3.87.Ce, 12.38.Qk, I 3.85.Ni

Recently, calculations of the inclusive jet cross section,
tr(pp~ jet+X), have become available at next-to-
leading order [O(a,, )] [1-3]. The new QCD predictions
explicitly include jet definitions at the parton level which

can be directly related to experimental jet algorithms.
This property allows a comparison of the jet cross section
to theory for different effective jet sizes, and is not a
feature of the leading-order [O(a, )] calculation. In ad-
dition, a reduction of both experimental and theoretical
uncertainties has improved the precision of the compar-
ison of data to QCD. The theoretical uncertainty associ-
ated with unknown higher-order contributions is typically
estimated from the sensitivity of the calculated cross sec-
tion to the choice of scale It used for evaluating the strong
coupling constant a, (p) and for the evolution of the par-
ton distribution functions. Using this as a measure of the
precision of the theory, the uncertainty at O(a, ) is 5 to
10 times smaller than the uncertainty at O(a, ) [4]. A
data sample of 4.2 pb

' from an extended run of the
Fermilab Tevatron pp Collider has given a measurement
of the inclusive jet cross section over 7 orders of magni-
tude, from 35 to 450 GeV in transverse energy.

The CDF detector has been described in detail else-
where [5]. The detector elements most relevant to this
study are the central calorimeters, which cover the pseu-
dorapidity range ( rl ~

~ 1.1 f tI = —In tan (8/2) and 8 is the
polar angle with respect to the beam]. These calorime-
ters are segmented into projective towers of Arlxh&
=O. l x0.26 (p in radians). The detector was triggered
by the presence of a localized cluster of transverse energy
in the calorimeter. A trigger cluster is initiated by a
"seed" tower above 3 GeV and consists of all contiguous
towers in rl and tt above 1 GeV. In order to span a large
range of cross sections, three separate thresholds were im-
posed on the transverse energy E, of the trigger clusters,

20, 40, and 60 GeV. The 20 and 40 GeV triggers were
prescaled to accept 1 in 300 and 1 in 30 events, respec-
tively.

Jets were identified using a cone algorithm, described
fully in [6]. Jet clusters were formed by including all

towers with E, & l00 MeV inside a cone of radius R
= [(Ati) + (hp) ] 'I . Jet energy E was determined using
a scalar sum of tower energies in the cone. E, was taken
as Esin8, where 8 was taken from the angle between a
line drawn from the cluster center to the event-vertex po-
sition and the beam line. The above algorithm is very
similar to the jet definition employed at the parton level

in producing the O(a, ) predictions for comparison [3].
The jets were clustered using three different radii,
R =0.4, 0.7, and 1.0, to examine the R dependence.

The event vertex was required to be within 60 cm of
the center of the detector along the beam line. In order
to ensure a triggering efficiency for clusters greater than
98/o, thresholds were placed on the minimum off-line
cluster E, for each trigger. These were 35, 60, and 100
GeV for the 20, 40, and 60 GeV triggers, respectively.
The cuts were higher than the E, of the trigger due to the
differences in the off-line and trigger clustering. Back-
grounds from cosmic-ray bremsstrahlung were rejected
with better than 99.5% efficiency using criteria nearly
identical to those described in Ref. [7]. Finally, jets in

the sample were required to have 0. 1 ~ ~rl~ ~0.7 to en-
sure uniform detector response and containment of most
of the jet energy in the central detector.

The measured jet E, spectrum is distorted due to
several effects. First, the low-energy response of the
calorimeter to single hadrons is nonlinear, but is linear
for photons and electrons. The jet energy measured in

the calorimeter is a convolution of the single-particle
response with the jet fragmentation spectrum. This,
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when combined with energy losses in uninstrumented re-
gions, can give rise to a mean response that is typically
less than the true jet energy. Second, the effect of the
broad jet energy resolution on a steeply falling spectrum
distorts the measured spectrum. The rms resolution for
jets in the range 35 ~ E, ~ 450 GeV can be approximat-
ed by cr, , =0.1E,+ I GeV. The absence of a JE behav-
ior for the resolution is due mostly to the presence of long
tails in the jet response function associated with energy
loss in uninstrumented regions (cracks). Finally, the un-

derlying event not associated with the hard scattering
process can contribute energy to the clustering cone
which should not be included in the jet energy. The aver-
age E, density (uncorrected for nonlinearities) from the
underlying event was measured in regions of the calorim-
eter far from jet clusters and was approximately 1.2+ 0.3
GeV per unit area in the rl-p plane (p in radians). No
energy corrections were applied for energy falling outside
of the clustering cone, as this, in principle, should be tak-
en into account by the next-to-leading-order calculations
[2,3,g].

The effects of resolution smearing and energy losses on
the jet spectrum were determined and corrected using the
following procedure. The response of the calorimeter to
pions between 0.5 and 227 GeV was determined from test
beam data and isolated tracks in the central tracking
chamber. The jet fragmentation spectrum was also mea-
sured using charged tracks [9]. A Monte Carlo simula-
tion incorporating both calorimeter response (nonlineari-

ty, cracks, etc. ) and tuned Field-Feynman [10,11] jet
fragmentation was used to determine energy losses and
resolution for jets in the E, range 10 to 500 GeV. Aver-
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age energy loss is 17% (12%) at 35 (300) GeV, with
calorimeter response to hadrons dominating. Next, a
simultaneous unfolding of the raw jet spectrum for the
two effects of energy loss and resolution was performed.
This provided corrections to both the E, and cross-section
axes. Corrections to E, and cross section at 35 (300)
GeV are 7% and 20% (10% and 5%).

We assign systematic uncertainties to the data based
on our knowledge of detector effects and jet fragmenta-
tion. The largest uncertainties come from the modeling
of the calorimeter response [12]. Because of the steeply
falling E, spectrum, a small error in energy scale can
generate large uncertainties in the cross section, For
values of jet E, above 80 GeV, the uncertainty in the
cross section, dominated by the determination of the ab-
solute energy scale, is typically 22%. Below 80 GeV, sys-
tematic effects associated with jet energy resolution and
the unsmearing procedure give an uncertainty in the cross
section as high as 60%. These uncertainties are smaller
than those reported in previous measurements of the jet
cross section [6,1 3].

The cross section for a clustering radius R=0.7 is
shown in Fig. 1 along with a prediction from next-to-
leading-order QCD [3] using the Harriman-Martin-
Roberts-Stirling (HMRS) set 8 [14] parton distribution
functions, with the renormalization-scale choice p =E, .
The data are presented as an average over the pseudora-
pidity interval 0. 1 ( IriI (0.7. The predictions and the
data show good agreement over 7 orders of magnitude of
cross section and E, ranging from 35 to 450 GeV. In Fig.
2 the ratio of (data —theory)/theory is plotted for R =0.7
to show the level of agreement on a linear scale. The
O(a ) calculation using the HMRS set 8 parton distribu-
tion function serves as a reference (i.e., is zero in Fig. 2).
ln Fig. 2(a), a range of O(a;. ) and O(a,. ) predictions are
shown by varying the renormalization scale from E, to
E, /4 to display the reduction in theoretical uncertainty at
the next-to-leading order. To illustrate the variation as-
sociated with different parton distribution functions [Fig.
2(b)], we show curves from other parametrizations
[14,15]. All normalizations in Figs. I and 2 are absolute.
E, -dependent systematic uncertainties are included in the
error bars; the E, -independent uncertainty is indicated in

Fig. 2(b) as the horizontal dashed lines. The E,de-
pendent systematic uncertainties, which dominate at E,( 150 GeV, are highly correlated from point to point.

We have made a quantitative comparison of the data to
the O(a, ) predictions by introducing a floating normali-
zation constant. A g- was minimized which takes into
account the correlations due to the systematic uncertain-
ties. The fit was performed for E, ~ 80 GeV where the
uncertainties are smaller. Here recent parton distribution
functions HMRS (8 and E) [14] and Morfin and Tung
(MT) (8 and S) [15] were used. The best-fit normaliza-
tion constants were 1.15, 1.13, 1.27, and 1.29 for HMRS
sets 8 and E and MT sets 5 and B, respectively. The de-
viation of the normalizations from unity is of the same
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FIG. 2. The inclusive jet EI spectrum for R =0.7 compared
to theory as the ratio of (data —theory)/theory. The upper plot
(a) illustrates the theoretical uncertainty associated with varia-
tion of the renormalization scale p (E,)p ~ E,/4) for both
leading order and next-to-leading order. The data have both
the statistical and the E, -dependent parts of the systematic un-

certainties indicated. The lower plot (b) illustrates the depen-
dence on the choice of parton distribution function. The 0(a3)
prediction using the HMRS set B [14] structure function is

used as a reference.

magnitude as the experimental uncertainty (=20%) on
the cross section. The confidence levels associated with
the fits were 19%, 0.1%, 49%, and 56%, respectively, for
the above sets of parton distribution functions and 30 de-
grees of freedom. HMRS set B and MT sets S and B
give acceptable fits, while the shape of HMRS set E is in-

consistent, mostly in the region between 80 and 250 GeV.
The variation of the jet cross section as a function of

clustering radius R is shown in Fig. 3 for jets of 100 GeV
E„along with O(a, ) predictions (MRS B [16] parton
distribution functions) with three different choices of re-
normalization scale p. Only statistical errors have been
plotted with the data, but there is an additional =23%
systematic uncertainty which is strongly correlated from
point to point. The curves represent the typical theoreti-
cal uncertainty in the R dependence of the cross section
and exhibit a smaller uncertainty near R =0.7 than for
other values of R. We fit the data with a function
favored by theory [8], A+BlnR, where A and B are
free parameters, and we compare the slope at R =0.7
to theoretical predictions. The result of the fit is 8
=0.79+'0.02 nb/GeV and B =0.49 ~ 0.03 nb/GeV. The
fit takes into account the correlations associated with the
experimental systematic uncertainties. The derivative of
this function with respect to R, evaluated at R=0.7, is

0.70+ 0.05 nb/GeV and compares reasonably to an

O(a, , ) prediction of 0.5 ~ 0.2 nb/GeV [17,18).
The presence of quark substructure can appear as an

enhancement of the cross section at high E, . This effect
is conventionally parametrized in terms of a contact term
of unit strength between left-handed quarks, character-
ized by the constant A, . with units of energy [19]. In or-
der to search for quark substructure, predictions for the
inclusive E, spectrum for different parton distribution
functions and values of A, . have been compared to the
data. Only leading-order [O(a,. )l calculations that in-

clude this contact term are available at present. Because
of this, we have fitted the data using a cone of R =1.0 to
minimize the effects of energy outside the cone. The fits
are performed by normalizing the predictions to the data
using an overall multiplicative factor in the region 80
~ EI ~ 160 GeV, where contributions from the contact

term for A, .) 750 GeV are negligible. The fitted curves
are then extrapolated to the region E, ~ 160 GeV where
they are compared to the data. The comparison takes
into account Poisson statistics for bins with a small num-
ber of entries, and also the correlations associated with
systematic uncertainties. We have used only recent sets
of structure functions for this test (HMRS sets B and E
and MT sets 5 and B) [14,15]. The HMRS set E was
excluded due to poor fits in the normalization region. A
lower limit of 1.4 TeV is set on A, . at the 95% confidence
level. This represents the most conservative limit from
the above structure functions (HMRS set B). The larg-
est contribution to the g in this limit comes from the re-
gion 200 ~ E, ~ 300 and the absence of events above 420
GeV. This is a substantial improvement over the previ-
ously published limits of 750 [6] and 825 GeV [20].

To summarize, we have measured the inclusive jet
cross section in pp collisions at Js =1.8 TeV. The data
span 7 orders of magnitude in cross section, and include
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the highest values of E, measured to date, allowing a
stringent test of both higher-order QCD and possible
quark substructure. Next-to-leading-order QCD calcula-
tions give a reasonable description of the data. The vari-
ation of jet cross section with clustering radius R is con-
sistent with a next-to-leading-order [O(a, )] calculation
[3]. Finally a search for possible quark substructure has
given a lower limit of 1.4 TeV (95% C.L.) on the compos-
iteness energy scale A,
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