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Abstract

The charged particle fractional momentum distribution within jets, D(z), has been mea-
sured in dijet events from 1.8 TeV Pp collisions in the Collider Detector at Fermilab
(CDF). As expected from scale breaking in Quantum Chromodynamics (QCD), the frag-
mentation function D(z)} falls more steeply as dijet invariant mass increases from 60 to
200 GeV/c®. The average fraction of the jet momentum carried by charged particles is

0.6510.02(stat)+0.08(sys).



Leading order QCD calculations agree very well with measurements of jet production
in proton-antiproton collisions over a large center-of-mass energy (/3) range[1,2]. The trans-
formation of outgoing quarks and gluons into jets of hadrons should also be described by
QCD, but the hadronization process involves non-perturbative effects which prevent quan-
titative predictions. The distribution of the jet momentum among charged hadrons is de-
scribed phenomenologically by the fragmentation function D{z) = (1 [ Nieta {dNecharged/dz),
where we define z = F/ | Pjet, with P) being the momentum component of a hadron along
the axis of a jet with momentum P},g. According to the naive parton model, at high energy,
where one may neglect particle masses, D(z) should be independent of Q2, where ¢ is the
momentum transfer of the hard scattering process. Perturbative QCD calculations predict
that logarithmic deviations from scaling with increasing Q?[3], and that the fragmentation
function for gluon jets should fall more steeply than that for quark jets(4,5]. At the Tevatron
Collider /s of 1.8 TeV, the ratio of gluon to quark jets is expected to be ~3:1 at typical
transverse momenta (Pr) of ~ 50 GeV/c, and to decrease slowly with increasing Pr{6].

In this letter we present a measurement of the fragmentation function of jets into
charged hadrons and its evolution with dijet invariant mass M;;. The data used here were
coliected with the Collider Detector at Fermilab (CDF) during the 1987 Tevatron Collider
run. We briefly describe those aspects of CDF which are relevant for this analysis; the
complete detector is described in [7] and references therein. The apparatus is azimuthally
symmetric about the beam axis, so we utilize a coordinate system in which ¢ is the azimuthal
angle, Z is the distance along the beam, and @ is the polar angle to the proton beam
direction. The transverse quantities Pr and Er are the momentum and energy multiplied

by sinf. An additional useful variable is the pseudo-rapidity # defined by the relation

n = —Intan(8/2).



Charged particle momenta are measured with the Central Tracking Chamber (CTC),
a cylindrical drift chamber immersed in a 1.5 T solenoidal magnetic field parallel to the
beam axis. In the pseudo-rapidity range |n| < 1.2, particle trajectories are measured in the
CTC using 84 sense wire layers, with a position resolution per wire of approximately 200
microns. In this analysis, the transverse momentum resolution is § Pr/ PZ ~ 0.0015GeV/c!
for tracks constrained to the event vertex, where the collision vertex position is determined
by the vertex time projection chamber. The track polar angle is measured by the CTC with
an accuracy §8 of +0.02 radians by 24 stereo layers tilted at +3° to the axial direction.

The energy of charged and neutral particles is measured by electromagnetic and
hadron calorimeters surrounding the tracking volume, covering the range {7| < 4.2 or
2° < 8 < 178°. In the central region, where the CTC coverage is complete, the calorime-
ter is composed of scintillator interleaved with lead (electromagnetic compartment) or
iron (hadron compartment) absorber, and is segmented into a grid of projective towers
of A¢ = 15° by An=0.1.

Jets are defined as energy clusters in the calorimeter which are found with a standard,
clustering algorithm(2]. The cluster energy is the sum of tower energies within a cone of
radius R = (An? + A¢?)3 = 1.0 about the cluster centroid, and the momentum is defined
as the vector sum of tower momenta. Two corrections were applied to obtain the jet
energy and momentum from the cluster quantities. Using the tracks found in the CTC, an
energy correction ranging from 410 to +30% is applied to each jet. This procedure corrects
for the nonlinear calorimeter response to charged pions and the magnetic field changing
the direction of low momentum particles, and is observed to improve the jet momentum
resolution by ~ 15%(8]. A further correction of +5% was applied to account for the effects

of the underlying event and jet energy lost outside the clustering cone(2]. The uncertainty



on the corrected jet momentum is typically 6 to 8% for jets with 30 < P < 100 GeV/c and
|7 < 0.8. The momentum resolution for these jets, determined empirically by studying the
dijet Pr imbalance(9], is approximately op ~ 1.1 x /P — 1.5 GeV/e.

The data were collected using a total transverse energy trigger described in reference
(2], and corresponds to an integrated luminosity of 26 nb~1. For this study, we selected
events containing two jets in the range |n| < 0.8 with the sum of the transverse energy
above twice the trigger threshold, in order to avoeid trigger bias. The two leading jets were
required to be nearly opposite in azimuth (A¢ = 180 + 30°), and any additional jets had
to have Ep < 20 GeV and Er < 0.2(Er(jet1) + Er(jet2)). The transverse momenta of the

two jets were required to balance within ~3 standard deviations |Pr{jetl) — Pr(jet2)| <

3/Pr(jetl) + Pr(jet2)). For acceptance considerations, events were required to have dijet
boost pseudo-rapidity [7oosr| = [n(jetl) + n(jet2)|/2 < 0.6 along the beam direction. A
total of 5541 events satisfied the above selection cuts. Furthermore, only jets within the
pseudo-rapidity range 0.1 < |n} < 0.7 were used in this analysis, resulting in a sample of
8609 jets.

To obtain the D(z) distribution, events were Lorentz transformed along the beam
axis by the boost pseudo-rapidity, to the approximate center-of-mass of the dijet system.
Charged tracks consistent with the primary vertex were associated with jets if they were
produced within a cone of 48° half angle about the axis of the jet, and had B along the
jet axis greater than 0.6 GeV/e. The efficiency of the reconstruction program for finding
tracks was estimated as a funciion of z and My; by merging simulated tracks into data,
and by detector simulation of Monte-Carlo events. We resttict this study to Mjy; < 200

GeV/c? where the tracking efficiency is above 85% for all z.

Acceptance corrections were applied to account for tracks outside the CTC or jet



association cone. The contribution to the fragmentation function by the underlying event
was evaluated using an axis at 90° in ¢ to the two jets, and was subtracted from the
distribution. The size of these two corrections is ~ 30% for z < 0.05 and negligible for
z > 0.1, For z > 0.7, where statistics are low, two backgrounds were found to be significant.
The first was hadrons that did not interact in the calorimeter or did not deposit all their
energy, which can cause a jet momentum to be substantially undermeasured. The rate for
this is reliably estimated from the calorimeter geometry and the measured fragmentation
function at lower z values. The second was due to tracking pattern recognition errors
caused by overlap of nearby tracks. A small number of tracks with z > 1.0 in the raw
distribution were found to be due to the latter source. We estimate the contribution of
these backgrounds to be less than 5% below z = 0.7 and ~ 20% for 0.7 < z < 1.0; this is
not subtracted from the data.

The fragmentation function was corrected for the effects of detector resolution smear-
ing in Pj.¢ and Pirges by & deconvolution procedure[8]. For each z interval, a correction
factor D(z)/ Dmeas(z) is calculated, taking into account the falling jet momentum spectrum
and fragmentation function10]. The correction, shown in Figure 1, is less than 35% for all
z. The separate effects of jet and track momentum resolution are also indicated, assuming
perfect resolution for the other quantity. The effect of the falling spectrum is to cause a
net shift of jets to higher momenta than produced, and consequently, tracks to be assigned
a lower z. For this reason, the correction to D{z) is greater than unity for z below 0.7. As
z approaches 1.0, the shape of the fragmentation function and worsening track momentum
resolution cause the correction to be less than unity.

The corrected fragmentation function D(z) for charged tracks is plotted in Figure 2

and listed in Table 1, for dijet events with My in the range 80 to 200 GeV/c2, Due to the



steeply falling (2) spectrum, the uncertainty on the jet momentum scale is the dominant
systematic uncertainty in D{z), except for z < 0.05 where the acceptance and underlying
event corrections are substantial. Above z = 0.8, uncertainties from the resolution smearing
and backgrounds are large; the data above z = 0.8 should be considered an upper limit,
The prediction of the HERWIG Monte-Carlo program(11] is also shown.

In Figure 3, the fragmentation function is shown vs. M3, (our estimator of Q?) for six
intervals in z, along with data from the e*e~ experiment TASSO (plotted vs s, the c.m.s.
energy squared) [12]. The two experiments show the same trend. As Q? increases, more
particles are observed at low z values per jet, and fewer for z > 0.1, indicating a steepening
of the fragmentation function with Q%. Also shown are independent fits for each z interval
to the form:

D(z,Q%) = 1(2) + é(2) In(Q). (1)

The CDF slopes §(z) agree qualitatively with predicted Altarelli-Parisi evolution{3], and
are statistically inconsistent (x?/DOF = 116/30) with the assumption of perfect scaling.
Quantitative comparison of the experiments is difficult due to theoretical uncertainty in the
Q? definition between the two, differences in the definition of the variable z, and differences
in the ratios of quark to gluon jets.

We extract the average charged momentum fraction < f., > using the sum rule:
1 0.02
< fn >= fo 2D(z)dz > Y #Di(z)Az + f 2D(z)dz (2)
i 0.0

The contribution below z = 0.02 is estimated to be 0.0910.03, determined using the fit
parametrization to D(z)[10]. The CDF value of < f., >, 0.65+0.02(stat)+0.08(sys), is
consistent, within systematic uncertainty, with the TASSO result of 0.58 + 0.02[12], and is

higher than the UA1 result of 0.47+0.02(stat)+0.05(sys)[13].
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In summary we have measured the charged fragmentation function of predominantly
gluon jets in Pp collisions at /s = 1.8 TeV. A QCD Monte Carlo model shows qualitative
agreement with the data. Significant scaling violations are observed in the D(z) distribution
with increasing dijet invariant mass between 60 and 200 GeV/c¢?. Detailed comparison
between these results and those of et e~ experiments is made difficult by Q2 scale definition
uncertainties and different definitions of the fragmentation variable used.

We thank the Fermilab accelerator division and the technical staffs of the partici-
pating institutions for their invaluable contribution, without which this work would not
be possible. This work is supported in part by the U.S. Department of Energy and Na-
tional Science Foundation, the Italian Istituto Nazionale di Fisica Nucleare, the Ministry of

Science, Culture and Education of Japan, and the Alfred P. Sloan Foundation.



Table 1: Charged fragmentation function D(Z) for 80 < Mj; < 140 GeV/c?. Statistical and
systematic errors are listed separately. The systematic uncertainty is partially correlated

from point to point.

Z D(Z) + (stat) £ (sys) Z D(Z) £ (stat) - (sys)
0.02-0.03 164. + 2. + 30. 0.22-0.24 3.6+0240.7
0.03-0.04 107. £ 2.+ 11. 0.24-0.26 2.9+0.2£0.6
0.04-0.05 79.3+1.3+6.8 0.26-0.28 24+02£0.5
0.05-0.06 59.4+ 1.2+ 4.9 0.28-0.32 | 1.57+0.09+0.38
0.06-0.07 | 46.3+1.0+3.8 0.32-0.36 | 0.95 + 0.07 + 0.25
0.07-0.08 36.9+ 09+ 3.2 0.36-0.40 | 0.72+0.08 + 0.23
0.08-0.09 31.4+08+28 0.40-0.44 | 0.47 £+ 0.05 £ 0.17
0.09-0.10 24.8+ 0.7+ 2.4 0.44-0.50 | 0.36 +0.04+ 0.15
0.10-0.12 19.8+0.5+2.1 0.50-0.60 | 0.18 + 0.02 + 0.09
0.12-0.14 142+ 04+ 1.7 0.60-0.70 0.06 + 0.01%0:02
0.14-0.16 10.1+£03+1.3 0.70-0.80 |  0.012+3-337+0.008
0.16-0.18 7.2+ 0.3+ 1.0 0.80-0.90 | 0.003215:9335+9-003¢
0.18-0.20 5.8+ 0.3+ 0.9 0.90-1.00 | 0.0010%3:3979+0.0014
0.20-0.22 4.4+02+0.8
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Figure Captions:

Figure 1: Correction applied to the charged fragmentation function due to jet and track

momentum resolution. The two contributions are also indicated separately.

Figure 2: Charged fragmentation function D(z). The error bars plotted are statistical (in-
ner) and statistical and systematic added in quadrature (outer). The dotted curve indicates
a one sigma upper limit to D(z) for z > 0.8. The solid curve is a prediction of the HERWIG

3.2 Monte-Carlo program(11]

Figure 3: Evolution of the fragmentation function D(z) vs. Mj; (CDF, circles) or s
(TASSO[12], triangles) for six z intervals. The CDF data have statistical errors plotted.

Typical systematic errors for the CDF data are shown at the right.
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