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For the first time at hadron colliders, the shape of b-jets is measured. This analysis uses about
300pb~! of CDF Run II data and covers a transverse momentum range from 52 to 300 GeV/c.
The shapes of b-jets are expected to be significantly different for jets that contain a single b-quark
inside the jet cone, i.e. b-quarks produced mainly by flavour creation, than for jets that contain two
b-quarks. Jets with two b-quarks are mainly jets that are produced from a gluon splitting into a bb
pair. A sample of tagged jets as well as a sample of inclusive jets are used to extract, statistically,
the shape of b-jets. The analysis methodology is presented here along with the preliminary results
and systematic errors. The measured b-jet shapes are significantly broader than expected for Pythia
Tune A and Herwig. This is likely to be coming from an underestimation in Leading Order Monte
Carlos of the fraction of b-jets origination from gluon splitting. Decreasing the single b-quark jet
fraction by 0.2 in Pythia Tune A and Herwig leads to a reasonable description of the measured b-jet
shapes.



I. INTRODUCTION

The internal structure of jets is dictated principally by multi-gluon emission from the primary parton. This process

is described by fragmentation models. Multi-gluon emission involves high order QCD processes which are hard to
calculate, so different models are used to implement the fragmentation in the simulation. On top of this, a good
understanding of the hadronisation process is needed in order to compare simulation results with what is observed
at detector level. Jet shapes are thus relevant quantities to study the overall decay structure leading to the observed
jets. Moreover, the underlying event, an important component of any hadronic collision, also plays a role in the
overall jet shapes.
Jet shapes are sensitive to whether the initial hard-scattered parton was a quark or a gluon. The inclusive jet shapes
have been measured at CDF [1] and show that the ratio between the quark- and gluon-jet production cross sections is
well reproduced by Pythia Tune A Monte Carlo simulation [2]; Pythia Tune A is tuned to the CDF Run I underlying
event [3] [4]. Tt is also expected, but has never been measured at CDF, that jet shapes are sensitive to the quark
flavour. Moreover, the shapes of b-jets are expected to be sensitive to the relative fraction of gluon splitting and
flavour creation events. In the former case, the b and the b quarks are expected to be most of the time inside the
same jet [5], leading to significantly broader jet shapes than for the latter case. The fraction of gluon splitting events
is an important parameter for the tuning of any Monte Carlo simulation. One of the aims of this analysis is to check
if the fraction of b-jets originating from gluon splitting, as well as its evolution with pp, is well described in the
Monte Carlo models. This is particularly important for extrapolations to LHC energies.

FIG. 1: Schematic drawing of the integrated jet shapes.

Jet shapes are defined as fractional transverse momentum (pr) distributions inside jets as a function of the distance
away from the jet axis. The integrated jet shape is the fractional pr inside a cone around the jet axis as illustrated in
figure 1. This quantity can be computed at parton or hadron level in the Monte Carlo (MC) simulations and by using
the calorimetric towers with pr > 0.1 GeV/c. Calorimeter towers with pr > 0.5 GeV/c and tracks with pr > 0.5
GeV/c are also considered in the study of the systematic uncertainties. The integrated shape is expressed as

wir/m) = (220 1)

where R is the jet cone radius and pr(0,r) is the sum of the transverse momentum of all objects inside a sub-cone
of radius r around the jet axis. The integrated shapes are by definition normalised such that ¥(r/R =1) = 1. In
Monte Carlo simulations, b-jets are defined as jets which have at least one b-quark inside the jet cone.



II. DATA SAMPLE & EVENT SELECTION

This analysis is based on an integrated luminosity of about 300 pb~' collected with the CDFII detector [6]
between February 2002 and March 2004. This note presents results for central jets (|Y| < 0.7) in a pr range from
52 to 300 GeV/c. Four different datasets are used. The trigger paths for these datasets are similar, differing only
by the cut thresholds and the nominal pre-scales. The four datasets select events with at least one jet with pp >
20, 50, 70 and 100 GeV/c respectively for each dataset. There are no other requirements on the events. These
triggers are not fully efficient at the trigger threshold and the behaviour close to the trigger threshold might not
be well understood. To avoid any trigger bias, each dataset is only considered when the trigger efficiency is above 99%.

The inclusive jet datasets are dominated by light flavoured and gluon jets. The b-jet content of the sample is
enhanced by using the tight secondary vertex tagger (SecVtx). This tagging algorithm exploits the long life-time
of the B-hadrons. Considering the large relativistic boost of the events, B-hadrons travel a few millimetres before
decaying. The tagging algorithm is thus based on the reconstruction of secondary vertices inside the jets. The main
limitation of this tagging method is the fact that hadrons that contain a c-quark can have decay lengths similar to
those of B-hadrons in the CDF detector. Another limitation is the finite resolution of both the primary and secondary
vertex locations.

In this analysis, jets are reconstructed using the MidPoint cone algorithm [7] with a cone size of 0.7 and a split-
ting/merging fraction of 75%. The following list summarises all the cuts applied to the jets in the samples

e One, and only one, primary vertex with |Zytx| < 50 ¢cm to ensure good secondary vertex reconstruction and to
reject events with multiple pp interactions;

e Missing Fp significance larger than a given threshold (3.5, 5.0, 6.0 and 7.0, respectively for the Jet20, Jet50,
Jet70 and Jet100 datasets) to reject cosmic and beam halo backgrounds;

e |Yiet| < 0.7 where the secondary vertex tagging algorithm and jet energy reconstruction are best understood,;

e SecVtx tight tag on jets (for the tagged sample only).

An average jet correction is applied to correct the jet pr to the particle level. It is calculated by matching, in the
MC, hadron level and calorimeter level jets in the Y — ¢ plane. The hadron level jet pr is plotted as a function of
the calorimeter jet pr. The distribution obtained is fitted to a fourth order polynomial which is then used to obtain
the corrected transverse momentum of the jets. The corrections are of the order of 20% at low pr, down to 10% at
higher pr. The binning for this analysis and for all plots shown is done in corrected jet pr.

III. UNFOLDING METHOD

The sample of tagged jets used for this analysis does not contain only b-jets but also a background of jets that
don’t contain any b-quarks, the nonb-jets. The fraction of tagged jets that are b-jets is called the purity, p,. The use
of the SecVtx tagged jet sample biases the measured jet shapes due to the fact that the SecVtx algorithm requires
jets with clean and well defined tracks. This bias is different for b-jets and nonb-jets. A bias term, dependent on the
distance from the jet axis, r, must thus be added to correct for this effect. The bias terms, b, (r/R) and byonn(r/R)
for b- and nonb-jets respectively, are defined such that

U8 (r/R) = by (r/R)U (r/R) , U8, (r/R) = byonn (r/R)UE, (r/R), (2)

nonb nonb

where the U4¢'(r/R) terms represent the detector level shapes, before any tagging requirements. It is necessary
to correct the b-jet shapes back to hadron level, i.e. to remove all influence of the tracker or calorimeters on the
measurement. The corresponding correction factors, C"*d(r/R), are defined as

Uy (r/R) = Cy(r/R)VL™ (r/R). (3)
The final equation used to obtain the hadron level b-jet shape can be written as

WS (r/R) — (1 = pp)buonn (r/R) WG, (r/R)
Prby(1/R)

The different parameters of this equation are discussed in the following sections.

vp(r/R) = C™(r/R)



A. Single b-quark jet content

Many of the distributions used for the unfolding are expected to be different for jets that contain one or two
b-quarks. The parameters used in the unfolding are therefore somewhat sensitive to the fraction of b-jets that contain
a single b-quark, fi,. Because gluon splitting to bb pairs only occurs as part of the fragmentation process and not in
the matrix element in Leading Order (LO) MC, the fraction of gluon splitting is thought to be underestimated. For
most jets where gluons split to a bb pair, both b-quarks end up inside the same jet cone [5]. A comparison between
the fraction of jets with more than one b-quark inside the same jet cone, 1 — fi},, predicted by Pythia Tune A and a
Next to Leading Order (NLO) calculation is shown in figure 2. The maximum deviation between the Pythia Tune
A and NLO prediction is of the order of 0.2. Before calculating any of the unfolding factors, the MC samples are
re-weighted to decrease the fip, fraction by 0.2. This lower fi}, fraction is used for the remainder of the analysis to ob-
tain the secondary vertex mass templates as well as the tagging biases and hadron level corrections to the b-jet shapes.
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FIG. 2: Fraction of b-jets that contain more than one b-quark inside the same jet cone. The Pythia Tune A predictions are
compared to NLO ones for two hadronisation and factorisation scales.

B. Tagged Jet Shapes

The tagged jet shapes, ¥*28(r/R), are defined as the average jet shapes, measured at calorimeter level, of all tagged
jets in the samples.

C. Inclusive Jet Shapes

Given the very low fraction of b-jets in inclusive jet production, less than 4%, it is possible to approximate
the nonb-jet shapes to those of the inclusive jet shapes, before any tagging requirements. The assumption is
that Wdet, (r/R) ~ Wit (r/R). The difference between these shapes, in Pythia Tune A MC, is negligible, with a
maximum difference of less than 0.5%. No systematic uncertainty is therefore related to the use of this approximation.

D. Purity

The fractions of b-jets in the tagged jet samples are extracted from a fit to the secondary vertex mass distributions
for b- and nonb-jets. It is not possible to reconstruct the full hadron invariant mass mainly because of the presence of
neutral particles in the B-hadron decays that are not detected in the tracking detectors. Nevertheless, the distribution
of the invariant mass of the tracks used to find the secondary vertex, referred to as the secondary vertex mass, is
significantly different for heavy flavoured jets and for light flavoured or gluon jets. Using the MC samples, distributions



of the secondary vertex masses for tagged jets are obtained for each py bin, separately for b- and nonb-jets. The
secondary vertex mass distributions, as obtained from Pythia Tune A, for the second py bin are shown in the top
of figure 3 (left). The measured distribution in data is fitted to the b- and nonb-templates, using a binned x?
minimisation method, to find the most likely fraction of jets that are b-jets. The bottom of figure 3 (left) shows the
distribution in data along with the fitted distribution for the second pr bin. The fit describes the data very well.
Figure 3 (right) shows the extracted purity, pp, as a function of the pr of the jets fitting the data with templates from
Pythia Tune A on the one hand and from Herwig [8] on the other hand.
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FIG. 3: (left) Normalised secondary vertex mass distributions for b- (black full line) and nonb-jets (red dashed line) as
obtained from Pythia Tune A (top) and secondary vertex mass distribution in data (black open squares) compared to the fitted
distribution (red line) (bottom) for the second pr bin. (right ) Extracted b-jet purity in data as a function of jet pr using
the templates obtained from Pythia Tune A (red full lines) and from Herwig (black dashed lines). The error bars indicate the
statistical errors only.

E. Biases Due to SecVtx Tagging

The requirement that the jets be tagged by the SecVtx tight algorithm introduces a bias in the measured jet shapes.
These biases are different for each pr bin, each bin in r and different for b- and nonb-jets. The bias terms are defined
as the ratios, as obtained from MC, between the tagged and the inclusive jet shapes for b- and nonb-jets separately

_ Wiie(r/R) _ Yonbnc(r/R)
W) = it o) e ) = G /R ©)

Figure 4 shows the bias corrections obtained from Pythia Tune A for each pr bin. The left hand plot shows
the bias corrections for b-jets as well as single and double b-quark jets separately. The maximum bias for b-jets
is of the order of 8%. The right hand plot shows the bias corrections for nonb-jets as well as the biases for ¢- and
light+gluon-jets separately. The maximum bias for nonb-jets is of the order of 18%.
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FIG. 4: (left) Biases due to the tagging on b-jets (black open squares) shown alongside the bias for single b-quark jets (full red
lines) and double b-quark jets (dashed red lines). (right) Biases due to the tagging on nonb-jets (black open squares) shown
alongside the bias for c- (full red line) and light+gluon-jets (red dashed line). The errors shown are the errors due to the MC
statistics.

F. Hadron Level Corrections

The hadron level correction factors, C*2d(r/R) are evaluated from the MC for each bin in 7 and each bin in pr and
are defined as
Upic(r/R)
\I’gelxt/[c(r/ R)’
where W%} .(r/R) are the MC b-jet shapes computed at calorimeter level, and W34 (r/R) are the MC b-jet shapes

computed at the hadron level. Figure 5 shows the correction factors for each pr bin obtained using Pythia Tune A.
The correction factors are of the order of 3% at most.

ch(r/R) = (6)

IV. SYSTEMATIC UNCERTAINTIES

The different sources of systematic uncertainties for this analysis are described below.

To account for the sensitivity of the unfolding method to the variation of the fy}, fraction, it is decreased by 0.5.
The difference in the measured b-jet shapes when using the default fi, — 0.5 instead of the normally used default
fipb — 0.2 is taken as a systematic uncertainty.

The fraction of c-jets containing only one c-quark, fi., might also not be well described in LO MC. This fraction
is decreased by 0.2, the same as the decrease to the fi}, fraction applied for the unfolding. The difference in the
measured b-jet shapes when varying the fi. fraction is taken as a systematic uncertainty.

The fraction of nonb-jets that are c-jets is assumed to be correct in the MC. From secondary vertex mass fits
separating b-, c- and light-jets into three independent templates, a systematic error of 5% should be considered on
the c-jet content of the nonb-jets.

In order to evaluate the effect of using a particular set of MC models for the fragmentation, hadronisation and
underlying event, the whole unfolding is performed using Herwig MC samples instead of the Pythia Tune A samples.
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FIG. 5: Hadron level corrections to the b-jet shapes (black open squares). The errors shown are the MC statistical errors. The
hadron level corrections for single b-quark jets (red full line) and double b-quark jets (red dashed line) are also shown.

The difference in the measured b-jet shapes obtained using these two MC samples is taken as a systematic uncertainty.

To investigate the calorimeter response to low pp particles, the analysis is performed using only calorimeter towers
with pr > 0.5GeV/c and the difference with respect to the nominal measurement (which uses calorimeter towers
with pr > 0.1 GeV/c) is taken as a systematic uncertainty.

To gauge any remaining detector effects, the whole analysis is performed using the tracks inside the jet cone
instead of the calorimeter towers. Tracks with pr > 0.5 GeV/C are considered. The difference between these two
methods is taken as a systematic uncertainty.

A 3% systematic uncertainty on the jet energy corrections is considered [9]. A variation of £15% on the Missing
Er significance is applied [1]. The cut on the location of the primary vertex is varied by +5cm around the nominal
cut at 50 cm. These variations are all found to have small effects on the final measurement. The dependence on the
MC modelling of the SecVtx parameters was also investigated.

The total, statistical and systematic uncertainties are shown in figure 6 for each py bin and r bin. Also shown are
the various contributions from the dominant effects.

The dominant sources of systematic errors vary as a function of the pr bin. These are

e the difference in the b-jets shapes reconstructed using Pythia Tune A and Herwig,

e the difference in the b-jet shapes reconstructed from tracks instead of calorimeter towers,
e the f1}, variation from -0.2 to -0.5,

e the fi. variation by -0.2,

e the jet energy scale.

V. RESULTS

The measured integrated b-jet shapes are shown in figure 7. The results are compared to Pythia Tune A
and Herwig predictions using the default fi;, fractions as well as the expected distributions if f1b were de-
creased by 0.2. The left hand plot also shows the Pythia Tune A predictions for the inclusive jet shapes. The
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FIG. 6: Total error on the measurements for each jet pr and r bin (black full lines). Also reported are the statiscial errors
(yellow bands) and the five dominant sources of systematic uncertainties.

Pythia Tune A and Herwig predictions for single and double b-quark jets are reported on the right hand plot.
Figure 8 shows the ratio of the hadron level integrated jet shapes for various MC predictions over the measured values.
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FIG. 7: Measured integrated b-jet shapes for each of the pr bins considered. The results are shown as black open squares
where the error bars represent the statistical and total errors. The statistical errors are smaller than the squares. The results
are compared to Pythia Tune A (full lines) and Herwig (dashed lines) predictions using the default fi1, fractions (black lines) as
well as the expected distributions if fip, is decreased by 0.2 (green lines). (left) Also reported are the Pythia Tune A predictions
for the inclusive jet shapes (red lines). (right) Also reported are the Pythia Tune A and Herwig predictions for single and
double b-quark jets (red and blue lines, respectively).

Another way of looking at these results is to plot the fractional pr outside a cone of fixed radius r as a function of
the pr of the jets. This gives an idea of the change in width of the jets as the energies increase. Jets of a particular
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FIG. 8: Ratios of the hadron level integrated b-jet shapes for various MC predictions over the measured values. Pythia Tune
A and Herwig predictions using the default fip fractions are shown as black lines (full lines for Pythia Tune A, dashed ones
for Herwig). Pythia Tune A and Herwig predictions using fi, fractions 0.2 below the default values are also reported (green
lines) along with the predictions for single and double b-quark jet shapes (red and blue lines, respectively). The yellow bands
represent the total errors on the measured b-jet shapes and the grey hashed lines are the statistical errors.

flavour are expected to become narrower as the pr increases, mainly due to the running of the strong coupling
constant, ag. There is also a small effect due to the boost of the jets. Figure 9 shows the evolution with jet pr of the
measured fractional pr outside a cone of fixed radius r=0.2. The results are compared to Pythia Tune A and Herwig
predictions using the default fi3, fractions as well as the expected distributions if f1}, is decreased by 0.2. The left
hand plot also shows the Pythia Tune A predictions for the inclusive jet shapes as well as the previously published
inclusive jet shape results which agree very well. The Pythia Tune A and Herwig predictions for single and double
b-quark jets are reported on the right hand plot.
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FIG. 9: Fractional pr outside a cone of radius » = 0.2 around the jet axis as a function of the pr of the jet. The results for
b-jet shapes are shown as black open squares and compared to different Pythia Tune A and Herwig predictions. The error bars
on the plots represent the statistical and systematic errors. The statistical errors are smaller than the squares. The results are
compared to Pythia Tune A (full lines) and Herwig (dashed lines) predictions using the default fip fractions (black lines) as
well as the expected distributions if fip, is decreased by 0.2 (green lines). (left) Also reported are the Pythia Tune A predictions
for the inclusive jet shapes (red lines) as well as the previously published inclusive jet shape results (red triangles). (right) Also
reported are the Pythia Tune A and Herwig predictions for single and double b-quark jets (red and blue lines, respectively).

The measured b-jet shapes are significantly broader than expected for Pythia Tune A and Herwig. This is likely
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to be coming from an underestimation in Leading Order Monte Carlos of the fraction of b-jets origination from
gluon splitting. Decreasing the single b-quark jet fraction by 0.2 in Pythia Tune A and Herwig leads to a reasonable
description of the measured b-jet shapes.
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