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The measurement of the inclusive jet cross section as a function of the jet transverse momentum, ij'ft, in pp collisions
at /s = 1.96 TeV constitutes a stringent test of perturbative QCD (pQCD) [1] predictions over more than eight orders
of magnitude and is sensitive to the presence of new physics beyond the standard model. The pQCD calculations
are written as matrix elements, describing the hard interaction between partons, convoluted with parton density
functions (PDFs) [2,3] in the proton and antiproton that require input from the experiments. In particular, inclusive
jet production measurements from Run I [4] have been used to partially constrain the gluon distribution in the proton
at high zp;. The increased center-of-mass energy and integrated luminosity in Run II at the Tevatron have allowed
to measure the jet cross section for jets with transverse momentum up to about 700 GeV/c, thus extending the Pj{t
range by more than 150 GeV/c compared to Run I. This letter presents a measurement of the inclusive jet production
cross section as a function of PI* for jets with PjT‘Et > 54 GeV/c and rapidity [5] in the region 0.1 < [Y®*| < 0.7, where
jets are searched for using the longitudinally invariant Kt algorithm [6,7] in the laboratory frame. The measurements
are corrected to the hadron level [8] and compared to pQCD NLO predictions [9]. Similar measurements have been
carried out using cone-based jet algorithms [4,10] for which an additional parameter [7] must be introduced in the
pQCD predictions to mimic the splitting and merging prescription of overlapping cones defined in the data.

The hadronic final states in hadron-hadron collisions are characterized by the presence of soft hadronic activity
produced by initial-state soft-gluon radiation and the interaction between the proton and antiproton remnants (the
so-called underlying event), in addition to collimated jets of hadrons along the direction of the scattered partons
originated by the hard interaction. A proper comparison between the measured jet cross section at the hadron level
and the pQCD prediction at the parton level requires additional corrections to account for the contribution to the
measured Pél'ft spectrum from the underlying event and hadronization processes that become important at low Pifft;
this could explain the marginal agreement between the data and the pQCD NLO predictions observed in previous
jet measurements using the Kr algorithm in Run I [11]. A number of precise measurements have been carried out in
Run 1T [12,13] indicating that a good description of the underlying event and the jet fragmentation into hadrons is
achieved by tuning Monte Carlo models.

The CDF II detector is described in detail in [14]. Here, the sub-detectors most relevant for this analysis are
briefly discussed. The detector has a charged particle tracking system immersed in a 1.4 T magnetic field, aligned
coaxially with the beam line. A silicon microstrip detector [15] provides tracking over the radial range 1.35 to 28

cm and covers the pseudorapidity range || < 2. A 3.1 m long open-cell drift chamber, the Central Outer Tracker



(COT) [16], covers the radial range from 44 to 132 cm and provides tracking coverage for || < 1. Segmented sampling
calorimeters, arranged in a projective tower geometry, surround the tracking system and measure the energy flow of
interacting particles in |n| < 3.6. The CDF central barrel calorimeter [17] is unchanged from Run I and covers the
region |n| < 1. It consists of an electromagnetic (CEM) calorimeter and an hadronic (CHA) calorimeter segmented
into 480 towers of size 0.1 in 7 and 15° in ¢. The end-wall hadronic (WHA) calorimeter [18] complements the
coverage of the central barrel calorimeter in the region 0.6 < |n| < 1.0 and provides additional forward coverage out
to |n| < 1.3. In Run II, new forward scintillator-plate calorimeters [19] replaced the original Run I gas calorimeter
system. The new plug electromagnetic (PEM) calorimeter covers the region 1.1 < |n| < 3.6 while the new hadronic
(PHA) calorimeter provides coverage in the 1.3 < |n| < 3.6 region. The calorimetry has a crack at n = 0 (between
the two halves of the central barrel calorimeter) and two cracks at n = £1.1 (in the region between the WHA and the
plug calorimeters). The measured energy resolutions for electrons in the electromagnetic calorimeters are 14%/+/Er
(CEM) and 16%/VE @ 1% (PEM) where the energies are expressed in GeV. The single-pion energy resolutions in the
hadronic calorimeters, as determined in test-beam data, are 75%/+/Er (CHA), 80%/vE (WHA) and 80%/VE @ 5%
(PHA). Cherenkov counters located in the 3.7 < || < 4.7 region [20] measure the average number of inelastic pp
collisions per bunch crossing and thereby determine the beam luminosity.

Monte Carlo event samples are used to determine the response of the detector and the correction factors to the
hadron level. The generated samples are passed through a full CDF detector simulation (based on GEANT3 [21] where
the GFLASH [22] package is used to simulate the energy deposition in the calorimeters), and then reconstructed and
analyzed using the same analysis chain as in the data. Samples of simulated inclusive jet events have been generated
using the PYTHIA 6.203 [23] and HERWIG 6.4 [24] Monte Carlo generators. CTEQS5L [25] parton distribution
functions are used for the proton and antiproton. The PYTHIA samples have been created using a special tuned
set of parameters, denoted as PYTHIA-Tune A [26], that includes enhanced contributions from initial-state gluon
radiation and secondary parton interactions between remnants. Tune A was determined as a result of dedicated studies
of the underlying event using the CDF Run I data [27] and it has been shown to properly describe the measured jet
shapes in Run II [12]. In the case of PYTHIA, fragmentation into hadrons is carried out using the string model [28]
as implemented in JETSET [29], while HERWIG implements the cluster model [30].

The longitudinally invariant Kt algorithm is used to reconstruct jets from the energy deposits in the calorimeter



towers with transverse momentum above 0.1 GeV/c. The quantities:

2 . 2 2 ARiz,j
Krp (i) = PT,i ; Kp (i) = mln(PT,bPT,j) : D2 (1)

are computed for each tower and pair or towers, where Pt ; denotes the transverse momentum of the i*" tower, AR; ;
is the distance (Y — ¢ space) between each pair of towers and D is a parameter that approximately controls the size of
the jet. All Ky () and K ;) values are then collected into a single sorted list that is input to the algorithm. In the
jet algorithm, if the smallest quantity is of the type Kt ;) the corresponding tower is called “jet” and removed from
the list. Otherwise, if the smallest quantity is of the type K (; j), the towers are combined into a cluster by summing
up their four-vector components. The procedure above is iterated until the list becomes empty. The jet transverse
momentum, rapidity and azimuthal angle, as determined using the calorimeter towers, are denoted as PjTefC AL> Y{?&L
and #SZL, respectively. The same jet algorithm is applied to the final-state particles in Monte Carlo generated events
to search for jets at the hadron level. In this case, no cut on the minimum transverse momentum of the particles is
applied. The resulting hadron-level jet variables are denoted as PJTefH Ap» Y4 and ¢l .

The measurements presented in this letter correspond to a total integrated luminosity of 385 & 22 pb~! of data
collected by the CDF experiment in Run II. Online, events are selected using three-level trigger paths [31], based on the
measured energy deposits in the calorimeter towers, with several different thresholds on the jet transverse energies [12].
Offline, jets are reconstructed using the Kt algorithm, as explained above, with D = 0.7. For each trigger data sample,
the threshold on the minimum PjT"fC Ar is chosen in such a way that the trigger is fully efficient in the whole kinematic
region under study. The events are required to have at least one jet with rapidity in the region 0.1 < |YJ.(?ZL| < 0.7
and corrected transverse momentum (see below) above 54 GeV/c. The events are selected to have at least one
reconstructed primary vertex with z-position within 60 cm around the nominal interaction point. In order to remove
beam-related backgrounds and cosmic rays, particularly dangerous at high Péfft (where the QCD cross section is very
small), the events are required to fulfill H7/v/XE7r < F(PlTef’gX‘f ie%) where Hy denotes the missing transverse energy

and Y E7 is the total transverse energy of the event, as measured using calorimeter towers with transverse energy

above 100 MeV. The threshold function F(Plfefgzlf Jt) is defined as F(P??SX‘E ) = min(2 + 35 x Plf?gff jet 7y,

where P08 ° is the uncorrected transverse momentum of the leading jet and units are expressed in GeV. This

cut is designed to have very high background-rejection power while preserving more than 95% of the QCD events, as
jet

determined from Monte Carlo. A visual scan over the events in the tail of the Py o, distribution, above 400 GeV/c,

confirmed that they are all consistent with QCD final states.



The jet transverse momentum measured in the calorimeter includes additional contributions as a result of multiple
proton-antiproton interactions per bunch crossing at high Tevatron instantaneous luminosity. This mainly affects the
measured cross section at low ijt, where the contributions become sizable. The data used in this measurement was
collected at Tevatron instantaneous luminosities in the range between 0.2 x 103'cm 257! and 9.6 x 103'cm—2s~! with
an average of 2.6 x 103'cm =251, for which less than one interaction per bunch crossing is expected. At the highest
instantaneous luminosities considered, an average of two interactions per bunch crossing are produced. In CDF,
multiple interactions are identified via the presence of additional primary vertices inside the tracking volume. The
measured jet transverse momenta are corrected for the effect of multiple proton-antiproton interactions by removing
a certain amount of transverse momentum, €g 7, for each additional primary vertex observed in the event. A factor
€7 = 1.62f8:12 GeV/c is determined from the data by requiring that, after the correction is applied, the ratio of
cross sections at low and high instantaneous luminosities does not show any PjTet dependence. The errors quoted on
€o.7 reflect a conservative estimation of its uncertainty and is included in the study of the systematic uncertainties on
the final measurement.

The reconstruction of the jet variables in the calorimeter is studied using Monte Carlo event samples and matched
pair of jets (Y — ¢ space) at the calorimeter and hadron levels. These studies indicate that the angular variables of the
jet are reconstructed in the calorimeter with no significant systematic shift and a resolution better than 0.05 units in Y’
and ¢ at low PjTe,tC AL that improves as Pj{tc ar, increases. The jet transverse momentum measured in the calorimeter
systematically underestimates that of the hadron level jet, which is mainly attributed to the non-compensating nature
of the calorimeter and its non-linear response to hadrons [32]. For jets with Péf'fc AL about 50 GeV/c, the jet transverse
momentum is reconstructed with an average shift of —19% and a resolution of 14%. The jet reconstruction improves
as PJ;th ar, increases. For jets with PJ;RtC A1, about 500 GeV/c, the jet transverse momentum is reconstructed with an
average shift of —5% and a resolution of 7%. In order to evaluate how well the Monte Carlo reproduces the jet energy
resolutions observed in the data, the bisector method [33] is employed. The estimated detector resolutions in data
and Monte Carlo agree within a relative uncertainty of 8% over the whole Pj;fc Al Tange.

The measured PjTe,tC a1, distribution is corrected back to the hadron level using Monte Carlo event samples. PYTHIA-
Tune A provides a reasonable description of the different quantities and is used to determine the correction factors in
the unfolding procedure. In order to avoid any bias on the correction factors due to the particular PDFs used during

the generation of the Monte Carlo samples, which translates into slightly different simulated le'ftc A, distributions,



PYTHIA-Tune A is re-weighted until it perfectly follows the measured Piﬁfc AL Spectrum in the data. The unfolding
is carried out in two steps. First, an average correction is extracted from the Monte Carlo using matched pair of jets
at the calorimeter and hadron levels as follows. The correlation < PJ;TH AD — PjTe,tC AL > Vs < PJ;EtC Ap > is used to
extract multiplicative correction factors which are then applied to the measured jets to obtain the corrected transverse

jet . . . . jet
momenta, Pp ~or. The raw cross section is defined in bins of P7 oo as

d2o 1 Njce(t)R
jet jet P jet jet
dPr cordYoarL £ APr cor AYTarL

; (2)

where NéeéR denotes the total number of jets measured in a given PjTefCOR bin, Aij‘f’tCOR is the size of the bin, AYJSZL
denotes the region in YjéjL considered and £ is the total luminosity of the data sample. Second, the measurements
are corrected for acceptance and smearing effects back to the hadron level using a bin-by-bin unfolding procedure,

which also accounts for the efficiency of the selection criteria. The unfolding factors,

d’c / dl:'jTe,tHAD deI;ZD

d?o/ del'“e,tCORdYngtXL

; 3)

U (Pj";,tCOR) =

are extracted from Monte Carlo and applied to the measured PJ;I'f’tCOR distribution in the data to obtain the final

result. The factor U (PJLFTCOR) increases with ij,tCOR and varies between 1.04 at low Péf’tCOR and 1.3 at very high

jet
PJ’I?,COR'

A detailed study of the different systematic uncertainties was carried out [34]. The measured jet energies were varied
by £2% (at low PI*) and +3% (at very high Pi¢%) [35] to account for the uncertainty on the absolute energy scale in

the calorimeter; this introduces an uncertainty on the final measurement which varies between +10% at low Pifft and

fig;’; at high Pj{ft. A +8% uncertainty on the jet energy resolution introduces an uncertainty in the measured cross
section between 2% at low Pj{ft and 8% at high Pj{ft. The unfolding procedure was repeated using HERWIG instead
of PYTHIA-Tune A to account for the uncertainty on the modeling of the parton cascades and the jet fragmentation
into hadrons; the maximum effect on the measured cross section is about 5% at low Péf’t. The unfolding procedure
was carried out using unweighted PYTHIA-Tune A; the effect on the measured cross section is negligible for jets with
ijft < 400 GeV/c and introduces a 4% uncertainty at very high Pj{f’t. The quoted uncertainty on €g.7 was taken into

account; the effect on the measured cross section is less than 3% and negligible for jets with PjTet above 200 GeV/c.

Finally, other sources of systematic uncertainties, related to the event selection criteria, have been considered and



found to contribute less than 1% to the total systematic uncertainty on the measurement. Positive and negative
deviations with respect to the nominal values in each Piﬁt bin are added separately in quadrature to the statistical
errors. An additional 5.8% uncertainty on the total luminosity is not included in the forthcoming figures and table.
The inclusive jet cross section, dza/dPJ;Ftdeet, refers to Kt jets at the hadron level with D = 0.7 in the region
0.1 < |Y¥| < 0.7 and PjTe‘c > 54 GeV/c. Figure 1 shows the measured cross section as a function of PjTet compared to
NLO pQCD predictions. The measured data points are collected in Table I. The data decreases by more than eight

orders of magnitude as Pi* increases from 54 GeV/c up to P¥* about 700 GeV/c.
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FIG. 1. Measured inclusive jet cross section (black dots) as a function of P¥' for jets with P¥' > 54 GeV/c and
0.1 < |Y¥®*| < 0.7, compared to NLO pQCD predictions (open stars). The shaded band shows the total systematic uncertainty

on the measurement.

The NLO pQCD predictions are computed using the JETRAD program [9] with CTEQ6.1M PDFs and the renor-
malization and factorization scales (ur and pr) set to pg = max (Pj{ft) /2. Different sources of uncertainty in the
theoretical predictions were considered. The renormalization and factorization scales were varied from pg to 2pg in
order to estimate the effect of terms beyond NLO in the calculation; this reduces the theoretical prediction by 2% at
low ij?t and 8% at high Pj{ft. The uncertainty due to the PDFs was computed using the Hessian method [36] taking
into account +1¢ variations along each direction in the CTEQ6.1M parameter space; this introduces an uncertainty
on the theoretical prediction that varies from ijggﬁ at low ij'ft and Jjgé for Pj{:‘t about 100 GeV/c to f;ggﬁ at very

high Pifft, dominated by the variation of the parameters associated to the gluon PDF.

The theoretical prediction includes an additional correction factor, CHAD(PJ;Ft), (see Fig. 2 and Table I) that



approximately accounts for non-perturbative contributions coming from the underlying event and fragmentation into
hadrons, which are not present in the pQCD calculation. As already mentioned, this correction factor is necessary for
an adequate comparison between the measured jet cross section at the hadron level and the fixed-order parton-level
pQCD prediction. The correction factor Cy AD(PjTet) was estimated, using PYTHIA-Tune A, as the ratio between the
nominal PJ;fH Ap distribution and the one obtained after turning off the interactions between proton and antiproton
remnants and the JETSET string fragmentation in the Monte Carlo. The parton-to-hadron correction shows a strong
Pjrﬁt dependence and increases as Pifft decreases. For jets with PJ;Ft about 54 GeV/c the correction is about 1.2. The
uncertainty on CHAD(PjTet) is about 13% at low PjTet, as determined from the difference between the parton-to-hadron
correction factors obtained using HERWIG instead of PYTHIA-Tune A.

Figure 3 shows the ratio data/theory as a function of PjT“. Good agreement, is observed between the measured cross
section and the pQCD NLO predictions over the whole ij'ft range under study. In particular, no significant deviation
from the QCD prediction is observed at high PjT“. The total uncertainty on the measurement is dominated by the
uncertainty on the absolute jet energy scale, while the precision of the theoretical calculation is mainly limited by the
present knowledge of the gluon PDF in the proton at high zpg;. In addition, Fig. 3 shows the ratio between pQCD
predictions with different pgr and pp scales, as discussed above, and different PDFs set, where MRST2004 is used
instead of CTEQ6.1M. The latter changes the pQCD prediction by +10% at low ij'ft and —15% at high PjTet, well
inside the theoretical and experimental uncertainties.

Finally, the complete analysis was repeated using different values for the D parameter in the Kt algorithm (D = 0.5
and D = 1.0) [34]. In both cases, good agreement was again observed between the measured cross sections and the
NLO pQCD predictions in the whole range in Pifft. This validates the experimental procedure followed to determine
the cross section and demonstrates a good control of the parton-to-hadron correction factors applied to the pQCD
predictions. As the D parameter decreases (increases) the measurement becomes less (more) sensitive to the presence
and proper modeling of the non-perturbative underlying event contributions. For D = 0.5 (D = 1.0) a parton-to-
hadron correction factor Cyap = 1.1 (Cyap = 1.4) must be applied at low Péf‘t.

In summary, we have presented results on inclusive jet production in pp collisions at /s = 1.96 TeV using the
Kt algorithm with D = 0.7, for jets with transverse momentum ijt > 54 GeV/c and jet rapidity in the region
0.1 < |Y¥*| < 0.7, based on 385 pb~! of CDF Run II data. The measured cross section is in agreement with NLO

pQCD predictions. These results confirm the validity of the Kt algorithm in searching for jets in hadron-hadron
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FIG. 2. Magnitude of the parton-to-hadron correction, Cu AD(left), used to correct the NLO pQCD predictions. The shaded

band indicates the quoted Monte Carlo modeling uncertainty.
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FIG. 3. Ratio Data/Theory as a function of PI" for jets with Pi¢* > 54 GeV/c and 0.1 < [Y***| < 0.7. The error bars (shaded

band) show the total statistical (systematic) uncertainty on the data. An additional 5.8% uncertainty on the total luminosity
is not included in the figure. The solid lines indicate the PDF uncertainty on the theoretical prediction using CTEQ6.1M with
pr,F set to po = max(PI®)/2. The dashed line presents the ratio of MRST2004 and CTEQ6.1M pQCD predictions. The

dotted-dashed line shows the ratio of CTEQ6.1M predictions with pur 7 set to 2uo and po.
collisions, and will contribute to a better determination of the gluon distribution inside the proton.
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Pj{ft d—pgijw + (stat.) % (sys.) Cuap = (stat.) £ (sys.)
[GeV/c] [nb/(GeV/c)] parton — hadron
54 - 62 (14.6 £0.217°8) x 10° 1.202 £ 0.013 + 0.158
62 - 72 (6.53 +0.047923) x 10° 1.154 +0.003 % 0.113
72 - 83 (2.81 £ 0.021535) x 10° 1.134 + 0.005 % 0.094
83 - 96 (1.179 £ 0.008*3-131) x 10° 1.113 £ 0.006 + 0.077
96 - 110 (5.04 £0.04735%) x 1071 1.098 =+ 0.004 + 0.066

110 - 127 (2.15 £ 0.027335) x 107! 1.079 =+ 0.005 + 0.047
127 - 146 (8.81 £0.05T50g) x 1072 1.064 £ 0.003 + 0.037
146 - 169 (3.45 + 0.02734%) x 1072 1.057 = 0.004 + 0.030
169 - 195 (1.276 £ 0.0061517) x 1072 1.047 4+ 0.003 + 0.023
195 - 224 (4.67 £0.027073) x 1072 1.043 £ 0.003 + 0.018
224 - 259 (1.63 £0.01733%) x 1072 1.039 + 0.004 + 0.015
259 - 298 (5.08 £0.0615:05) x 107* 1.034 £+ 0.003 + 0.010
298 - 344 (1.50 +0.0319:3%) x 10~ * 1.030 + 0.005 + 0.008
344 - 396 (3.70 £ 0.147537) x 1077 1.016 =+ 0.009 + 0.006
396 - 457 (7.50 £ 0.557357) x 107° 1.017 + 0.018 + 0.009
457 - 527 (1.31 £ 0.227357) x 107° 1.009 =+ 0.003 £ 0.019
527 - 700 (1.14 £+ 0.4373:%3) x 1077 1.018 4+ 0.002 £ 0.016

TABLE I. Measured inclusive jet differential cross section as a function of Pj;t for jets with PJ;l‘:’t > 54 GeV/c and

0.1 < |Y**| < 0.7 corrected to the hadron level. An additional 5.8% uncertainty on the total luminosity is not included.

The parton-to-hadron correction factors, CHAD(Pert), are applied to the pQCD NLO predictions.
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